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FOREWORD 


This  document  is  an  Interim  Technical  Report  for  22  October  1991  covering  work 
performed  under  U.S.  Army  Materials  Technology  Laboratory  (MTL)  contract  DAAL04- 
86-0045.  The  MTL  contracting  officer  technical  representatives  are  Mr.  Jolm  Dignam  and 
Dr.  Robert  Fitzpatrick.  This  work  was  sponsored  by  the  Strategic  Defense  Initiative 
Organization  /  U.S.  Army  Strategic  Defense  Command  Office  (SDIOAfSASDC)  at  Hunts¬ 
ville,  Alabama.  The  work  was  monitored  by  the  Electric  Gun  Branch  at  the  U.S.  Army 
Armament  Research,  Development  and  Engineering  Center  (ARDEC),  where  railgun  testing 
of  the  materials  was  also  perfomied.  Maj  Noble  Johnson  and  Lt.-Col.  Gary  Hagen  were  the 
Pioduct  Managers,  and  Mr.  Stanley  Smith  was  the  Project  Engineer  at  SDIOAJSASDC. 

The  effort  centered  on  the  development,  test  and  application  of  advanced  ceramic 
insulator  materials  to  electromagnetic  launchers  (EMLs).  The  environment  of  the  bore 
insulating  materials  in  high-power  EMLs  was  evaluated  and  goal  properties  set.  A  wide 
variety  of  ceramic  materials  were  produced  and  tested,  and  two  compositions,  one  alumina 
(AI2O3)  based  and  one  silicon  nitride  (SijN^)  ba.sed  were  down  selected.  The  alumina  based 
material  (with  the  addition  of  chromium  oxide  |Cr203])  was  then  chosen  to  be  scaled  up  to 
the  size  needed  for  state-of-the  art  EMLs.  The  material  still  met  the  mechanical,  electrical 
and  producibility  goals  after  .scaling  up.  Limited  testing  was  performed  in  a  small  EML. 

Major  contributions  to  this  piogram  were  made  by  Richard  Palicka  and  Andre  Ezis, 
President  and  Vice-President  of  Cercom,  Inc.  of  Vista,  California.  They  provided  essential 
support  in  the  selection  of  material  compositions  and  processing  conditions.  They  fabricated 
most  of  the  advanced  ceramic  insulator  materials  discussed  in  this  repon. 

The  authors  extend  their  thanks  to  Bob  Washburn  (retired),  Jim  Black,  Rudy  Akin,  and 
Galyn  Thompson  of  SPARTA  for  their  assistance  in  selection  of  compositions,  processing 
conditions,  and  for  testing  and  analysis.  Two  separate  University  groups,  headed  by  Dr.  Kris 
Kristiansen  at  Texas  Tech  University  in  Lubbock,  Texas  and  Dr.  Jenn-Ming  Yang  at  the 
University  of  California,  Los  Angeles;  provided  expert  assistance  in  the  areas  of  electrical 
testing  of  insulator  and  conductor  materials  and  mechanical  testing  and  analysis  of  ceramic 
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1.0 


INTRODUCTION 


Electromagnetic  accelerators  (EMAs)  are  being  developed  for  a  number  of  potential 
Strategic  Defense,  Theater  Missile  Defense,  and  tactical  missile  applications.  The  railgun, 
the  most  mature  type  of  EMA,  accelerates  projectiles  to  velocities  of  3-6  km/.sec  or  higher 
by  applying  large  electromagnetic  forces  to  an  armature  that  pushes  the  projectile  as  shown 
schematically  in  Figure  1.1.  This  process  requires  large  electric  currents  on  the  order  of 
several  mega-amperes,  to  be  conducted  down  one  conductor  rail,  across  a  solid  or  plasma 
armature  and  back  through  the  other  rail.  The  conductor  rails  are  separated  by  insulators, 
and  these  four  components  are  confined  together  to  form  the  bore  assembly.  The  perform¬ 
ance  and  lifetime  of  the  bore  is  a  major  design  and  operational  issue.  This  program  addresses 
the  development  of  advanced  bore  materials,  concentrating  on  improved  bore  insulators. 

1.1  The  Limitations  of  Current  Railgun  Bore  Materials 


The  development  of  materials  with  the  necessaiy  properties  to  perform  successfully 
as  bore  insulators  and  conductors  in  EMAs  is  a  major  challenge  to  the  Materials  Tech¬ 
nologist.  The  bore  component  design  requirements  imposed  by  the  extreme  thermal, 
electrical  and  mechanical  stres.ses  of  the  railgun  environment  dictate  a  set  of  properties 
that  cannot  be  fully  met  by  any  commercially  available  materials.  Included  in  Table  1.1 
is  a  listing  of  bore  material  issue.s,  their  implications,  and  the  effect  they  have  on  the 
operation  of  railgun  systems.  As  the  table  indicates,  the  shortcomings  of  current  railgun 
bore  materials  seriously  limit  the  performance  of  railgun  systems.  This  fact  was  recog¬ 
nized  at  the  beginning  of  the  program,  but  during  its  performance,  significant  additional 
operational  data  was  acquired  that  made  the  railgun  community  more  acutely  aware  of  the 
vital  importance  of  railgun  bore  material  performance,  especially  the  insulator  materials.' 
This  additional  knowledge  was  derived  from  experiences  with  smaller  laboratory  railguns, 
and  more  imponanily,  from  the  following  90  mm  bore  diameter  high-energy  guns; 


The  .Single  Shot  Gun  (SSG)  at  the  University  of  Texas  Austin  -  Center 
for  Electromechanics  (UT  -  GEM; 

Tl  e  S.SG  at  the  DNA/Maxwell  Green  Fann  Facility  in  San  Diego,  Cali¬ 
fornia 

The  Advanced  Composite  Railgun  band  uuill  by  SPARTA  for  the  U.S. 
Army  Armament  Research,  Development  and  Engineering  Center 
(ARDEC)  in  Pieatinny  Arsenal,  New  Jersey  and  fired  at  the  Green  Farm 
facility. 
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Figure  1.1  Schematic  of  electromagnetic  accelerator  operation.  Bore  insulators 

(not  shown)  separate  the  conductor  rails . 

All  currently  operating  high-energy  railguns  use  glass  fiber  reinforced  polymers  as 
the  bore  insulators.  The  fibers  are  in  the  form  of  cloth  or  laid-up  plies.  The  matrices 
commonly  used  include  epoxy,  melamine,  and  polyester.^'^  The  two  most  commonly  used 
standaid  materials  are  "G-9"  and  "G-IO".  These  materials  are  fabricated  to  specifications 
set  by  the  National  Electrical  Manufacturing  Association  (NEMA).  Both  materials  use 
the  same  plain  weave  E-glass  cloth  (62%  by  volume).  The  difference  is  that  the  G-10 
utilizes  epoxy  resin  as  the  matrix  whereas  G-9  utilizes  melamine  resin  as  the  matrix.  The 
G- 10  material  is  stronger  and  has  better  interlaminar  sheai'  strength  than  the  G-9,  however, 
the  G-9  possesses  the  special  feature  of  being  relatively  cleanly  ablating,  that  is,  it  leaves 
a  minimum  of  solid  residue  when  its  surface  is  ablated  by  a  passing  arc  plasma.  Any 
carbonaceous  residue  deposited  on  the  bore  insulator  may  provide  a  conductive  path  which 
produces  a  short  in  the  gun,  so  these  guns  must  typically  be  cleaned  after  every  shot. 
Clearly,  this  requirement  is  unacceptable  for  a  device  which  would  be  used  in  the  field  as 
a  weapon.  The  G-9  leaves  less  residue  than  other  resin-matrix  composites  which  have 
been  tested,  but  it  still  produces  enough  conductive  residue  to  require  cleaning  after  each 
shot  when  a  high-power  plasma  armature  is  used. 

There  are  four  major  type'^  (if  armatures  presently  utilized  for  high-energy  railguns. 
A  "plasma  armature"  railgun  configuration  is  one  in  which  the  current  that  accelerates  the 
projectile  flows  through  an  electric  arc  which  connects  the  two  conductor  rails.  An 
alternative  configuration  is  referred  to  as  a  "solid  armature".  In  this  situation,  a  conductive 
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Table  1 .1  Summary  Of  Bore  Material  Issues  And  Ttielr  Effect  On  The  Operation  Of 

Railgun  Systems 


BORE  MATERIAL 
ISSUE 

IMPLICATION 

RAILGUN  SYSTEM 
EFFECT 

Ablation  and  Erosion  of  Insu¬ 
lators 

Increases  Diameter  of  Bore 

Changes  Fit  of  Projectiles,  or 
Causes  Need  for  Varied  Size 
Projectiles;  Decreases  Barrel 
Lifetime 

Adds  Parasitic  Mass  to 

Launch  Package 

Decrease  Efficiency  (Velocity) 

Gouging,  Divotting,  Abrasion, 
and  Delamination  (Insulators 
Only)  of  Bore  Materials 

Increases  Roughness  ol  Bore 

Causes  Projectile  Balloting 

Increases  Honing  Frequency 

Requires  Repair 

Makes  Bore  Rider  Sealing 
More  Difficult 

Causes  Damage  To 

Projectiles  (Possible  In-Bore 
Failures):  Increases  Projectile 
Dispersion  and  Reduces  Accu¬ 
racy;  Limits  Barrel  Lifetime, 
Increases  System  Life-Cycle 
Costs  due  to  Refurbishment: 
Reduces  Efficiency  Because  of 
Plasma  Blow-By 

Conductive  Residue  in  Bore 
After  Shot 

Second  Shot  Not  Possible 
Without  Cleaning 

Rep-Gated  Operation  Impossi¬ 
ble  or  Very  Difficult 

Low  Modulus  Insulators 

Increased  Dellection  of  Bore, 
Increasing  Plasma  Blow-By 
and  Deforming  Barrel  Shape 

Decreases  System  Efficiency 
(Lower  Velocity)  and  Increases 
Projectile  Scatter  (Dispersion) 

Insulator  Thermal  Properties 

Better  Thermal  Conductivity 
Gives  Better  Heat  Sink 

Increases  Allowable  Rep-Rate 

metal  bridge  provides  a  current  path  between  the  rails  and  pushes  the  projectile  (or  is  itself 
the  projectile).  The  solid  armature  configuration  presents  a  less  challenging  environment 
for  the  bore  insulators  because  there  is  no  arc  present,  It  is  usually  a  less  efficient  design 
becau.se  of  the  parasitic  mass  of  the  metal  armature  and  it  is  difficult  to  prevent  arc  for¬ 
mation  at  velocities  in  excess  of  one  to  two  km/sec.  There  are  two  additional  types  of 
armatures  under  development  including  those  that  start  as  solid  metal  and  transition  in  a 
controlled  manner  to  plasma  as  the  metal  vaporizes  (thus  a  "transitioning  armature"),  and 
a  "hybrid  armature"  which  is  part  plasma  and  part  metallic  by  design.  Both  of  these 
armature  types  reduce  exposure  of  the  bore  insulator  to  the  intense  plasma  radiation 
(1(),{K)()  to  40,()()()K).  'I'he  purpose  of  discussing  these  armature  types,  as  will  be  shown 
later,  is  that  the  type  of  armaiure  utilized  effects  the  bore  envi,n)nineni  and  thus  impacts 
the  property  requirements  of  bore  insulator  material. 


3 


A  second  shortcoming  of  glass  fiber  composites  for  use  as  bore  insulator  materials 
is  the  excessive  erosion  and  divoting  that  they  experience  due  to  a  combination  of  arc 
erosion  and  mechanical  erosion/ablation/abrasion  and  projectile  balloting  (lateral  accel¬ 
eration).  Shown  in  Figure  1 .2  are  results  from  an  actual  bore  diametral  measurement  taken 
after  a  high  power  shot  with  the  Advanced  Composite  Railgun.  The  bore  had  been  honed 
before  the  shot  and  it  is  seen  that  the  glass-epoxy  insulator  rails  experience  a  great  deal 
more  ablation  and  erosion  than  the  bare  copper  conductor  rails.  This  dimensional  insta¬ 
bility,  as  shown  in  Table  1.1,  seriously  compromises  railgun  system  operation. 
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0.5 
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Figure  1.2  Bore  measurement  (insulator  and  conductor)  after  single  high-energy 

shot  in  ARDEC/SPARTA  advanced  composite  railgun 

Current  railguns  accelerate  projectiles  up  to  as  much  as  6  km/sec,  while  maintaining 
close  tolerances  between  projectile  and  bore.  The  projectile  undergoes  "balloting"  during 
its  axial  acceleration.  Dalloiting,  or  lateral  acceleration,  produces  repeated  collisions  of 
the  projectile  witli  the  bore  of  the  gun.  This  balloting  causes  both  impact  and  abrasion 
damage  to  the  bore,  The  amount  of  balloting  is  a  function  of  the  smoothness  (and 
straightness)  of  tlie  bore.  This  balkning  can  cause  in-barrel  damage  t)r  failure  of  the 
projectile.  EM  guns  constructed  with  glass  fiber  composite  insulators  must  be  routinely 
patched  with  epoxy  or  a  filled  epoxy  compound  to  fill  in  gouges  and  delaminated  areas, 
and  to  build  up  eroded  surfaces.  They  must  also  be  honed  frequently  to  provide  a  smooth 
sealing  surface  for  the  projectile.  Since  the  next  generation  of  railguns  will  be  designed 
for  multiple  shots  per  minute,  this  kind  of  maintenance  constraint  becomes  entirely 
unacceptable.  Another  disadvantage  is  that  the  mass  added  to  the  armature/projcctilc 
package  due  to  entrained  erosion  and  ablation  of  insuiaior  miiterial  substantially  reduces 
the  efriciency  of  the  gun, 

'ITie  third  drawback  of  a  glass  fiber  reinforced  composite  insulator  is  its  relatively 
low  compressive  modulus.  The  efriciency  of  an  electromagnetic  gun  is  in  part  related  to 
the  radial  stiffness  of  the  barrel,'  A  plasma  armature  creates  a  pressure  wave  as  it  iraveb 
down  the  barrel,  Tlie  radial  deflection  of  the  barrel  in  response  to  tliis  pressure  dissipates 
energy  whicli  would  otherwise  be  imparted  to  the  projectile.  'I'he  dcHection  c;m  also 
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produce  plasma  leakage  around  the  projectile  (blow-by),  which  seriously  degrades  gun 
efficiency.  Most  modern  railguns  are  externally  pressurized  or  prestressed  to  keep  the 
bore  components  in  compression,  so  the  material  propeny  that  is  required  to  minimize 
internal  radial  deflection  is  high  compressive  modulus.  High  loading  fractions  of  glass  in 
the  composite  keep  the  modulus  relatively  high  for  a  polymer-based  composite,  but  if  a 
ceramic  substitute  could  be  found,  gun  efficiencies  would  improve  significantly  because 
ceramics  possess  moduli  that  are  twenty  to  thirty  times  higher  than  glass  fiber  composites. 

Ceramics  appear  to  be  a  promising  alternative  to  the  presently  used  glass  fiber 
iCinforced  polymer  insulators,  but  no  commercially  available  ceramic  can  provide  the 
required  mechanical  strength  and  fracture  toughness  under  the  dynamic  loading  conditions 
and  the  necessary  multi-shot  high  voltage  surface  breakdown  resistance.  Thus  the  devel¬ 
opment  of  such  an  insulating  ceramic  material  needed  to  be  carried  out  in  order  to  meet 
the  requirements  impo.sed  by  a  railgun  bore  environment. 

For  conductor  rails,  copper  or  copper  alloys  have  been  the  materials  of  choice.  But 
these  materials  have  proved  to  be  too  .soft  and  have  too  low  a  melting  point  to  perform 
very  well  under  multiple  shots  in  high  energy  railguns.  Bare  copper  surfaces  are  easily 
damaged  by  the  abrasion  and  impacts  of  high-.speed  projectiles  and  melted  by  the 
combined  effects  of  the  rail  and  arc  current.  Harder,  more  refractory  metals  such  as 
molybdenum,  tungsten  and  tantalum  or  their  alloys  have  significantly  higher  electrical 
resistivities  than  copper  alloys  and  generally  have  limited  fracture  resistance.  There  arc 
some  conductive  ceramics  which  might  be  refractory  enough  to  resist  ablation,  and  able 
to  withstand  impact  damage  and  abrasion  far  better  than  copper  becau.se  of  their  hardness. 
Conductive  ceramics,  as  well  as  some  new  combinations  of  more  refractory  metals,  were 
evaluated  in  this  investigation.  However,  this  work  was  much  more  limited  than  the  work 
on  ceramic  insulators  which  was  the  major  focus  of  this  program. 

The  lack  of  a  durable  bore  insulator  material  is  one  of  the  most  significant  technical 
problems  in  railgun  development  today.  All  of  the  large  research  guns  now  in  operation 
require  significant  maintenance  after  almost  every  firing,  due  primarily  to  ablation  and/or 
physical  erosion  of  the  insulators.  This  maintenance  may  consist  of  cleaning,  patching, 
or  honing,  but  even  in  the  most  minor  procedures,  it  may  consume  hours  or  days  of  labor. 
Railgun  technology  will  have  difficulty  establishing  any  credibility  as  a  practical  weapon 
or  launching  system  of  the  future  until  a  low  maintenance,  long  lifetime  bore  insulator 
material  is  developed. 

1.2  Program  Objectives 


It  is  clear  that  polymer-based  materials  are  not  ideal  selections  for  railgun  insulators, 
and  it  is  widely  believed  that  a  ceramic  material  will  eventually  provide  the  ultimate 
solution  to  tins  problem.'  'I'he  clKjice  of  a  conductor  material  is  not  as  critical  an  issue  as 
the  insulators,  which  are  the  [nimary  obstacle  to  mtilti-shot  capability,  but  there  is  con- 
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siderable  room  for  improvement  in  this  area  nonetheless.  The  first  objective  of  this  pro¬ 
gram  was  to  ascertain  the  specific  mechanical  properties  which  would  be  required  of  such 
materials  in  a  large  railgun  of  advanced  design.  This  was  accomplished  by  the  application 
of  continuum  mechanics  and  finite  element  analysis  to  an  advanced  railgun  model.  This 
analysis  provided  the  strength,  strain,  and  modulus  requirements,  but  was  not  sufficient 
to  determine  dynamic  fracture  toughness  requirements.  A  subsequent  fracture  mechanics 
analysis  considered  such  issues  as  flaw  detection  limits  and  Weibull  statistics  in  order  to 
establish  a  fracture  toughness  criterion  for  the  candidate  materials. 

Having  established  a  set  of  mechanical  property  goals  for  the  i  materials,  the  next 

step  was  to  evaluate  and  select  candidate  materials  which  could  be  expected  to  meet  these 
goals,  and  which  would  wanant  experimental  evaluation.  A  survey  was  performed  that 
collected  manufacturers’  product  literature,  and  scientific  literature  pertaining  to  new 
experimental  research  in  high-toughness  ceramics.  It  also  included  a  survey  of  the  EM 
gun  development  community  to  collect  reports  of  previous  experiences  with  bore  mate¬ 
rials.  This  community  is  composed  of  military,  government,  industrial,  and  academic 
groups. 

Once  a  primary  set  of  candidate  materials  had  been  selected,  the  material  was 
designed  (using  microstructural  tailoring)  with  respect  to  chemical  composition,  constit¬ 
uent  sizes  and  architecture.  Each  material  was  then  fabricated  in  a  plate  form,  from  which 
a  variety  of  lest  samples  were  cut.  These  samples  were  used  to  measure  density,  modulus 
of  rupture  strength,  Weibull  modulus,  fracture  toughness,  and  surf  ace  breakdown  voltage. 
The  properties  were  correlated  to  microstructure  and  iterative  development  carried  out. 
Parts  cut  from  selected  plates  were  also  tested  as  actual  railgun  insulators  in  a  small 
electromagnetic  gun,  After  identifying  the  ceramic  compositions  which  exhibit  the  best 
combination  of  properties,  the  materials  were  scaled  up  to  a  size  representative  of  state- 
of-the-art,  or  next  generation  railguns.  These  larger  size  pieces  were  then  subjected  to  the 
same  series  of  evaluations  to  confinn  that  adequate  properties  were  maintained  in  the 
scale-up  process. 

A  schematic  diagram  that  illustrates  the  approach  utilized  in  this  program  is  given 
in  Figure  1 .3.  The  details  of  the  work  performed  are  discussed  in  Chapters  2  through  6  of 
this  report  as  indicated  in  »he  diagram.  Conclusions  and  recommendations  for  further  work 
are  discussed  in  Chapters  7  and  8,  respectively. 
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Figure  1.3  Flowchart  illustrating  major  components  of  this  program  with  references  to  report  sections. 


This  page  is  intentionally  left  blank. 
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2.0 


SURVEY  OF  EM  GUN  BORE 
MATERIALS  EXPERIENCE 


Early  in  this  program,  a  survey  was  conducted  of  all  the  organizations  in  the  United 
States  presently  or  fonrierly  engaged  in  railgun  research.  The  purpose  of  this  survey  was  to 
collect  information  on  their  experience  with  railgun  bore  materials.  Three  categories  of 
questions  were  posed; 

1.  What  bore  materials  have  been  u.sed  in  the  past  for  both  insulators 

and  rails? 

2.  How  have  these  materials  perfomied? 

3.  What  will  be  the  requirements  for  materials  in  the  next  generation  of 

railgun  designs? 

During  the  survey,  infoimation  was  ahso  gathered  on;  most  pertinent  contact  at  the 
facility,  name  of  operating  gun(.s),  physical  and  operating  characteristics  of  the  gun(s), 
containment  method  and  stiffness  of  barrel,  bore  conductor  rail  material  experience,  bore 
and  backup  insulator  material  experience,  and  armatures  used  (type  and  materials),  arma- 
ture/'bore  interaction  experience,  and  near-tenn  ex.^erimental  plans.  All  of  this  infomiation 
was  collected  in  the  Spring  and  Summer  of  1988.  It  represents  the  .state-of-the-art  at  the  time 
this  program  was  initiated,  and  it  explains  the  context  in  which  the  program  was  conducted. 

2.1  Sources  Surveyed 

Shown  in  Table  2.1  is  a  listing  of  the  sources  surveyed,  key  contact  and  phone 
number,  and  comments  on  the  areas  of  primary  focus  at  that  facility.  The  list  of  sources 
to  be  contacted  was  compiled  by  a  combination  of 

1.  SPARTA  contacts  with  electromagnetic  railgun  facilitie.s/expcri- 
menters 

2.  Papers  given  at  past  Electromagnetic  Launch  Technology  Sympo- 

3.  Contributors  to  other  conferences  on  electromagnetic  accelerator 
technology 
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TABLE  2.1  •  List  of  Sources  for  Railgun  Materials  Survey 


Organization 

Point  of  Contact 
and  Phone  Number 

Pyiaterlals  Relevant  Work 

ARDEC  (US  Army) 

Picalinny  Arsenal,  NJ 

Greg  Colombo 

Tom  Coradeschi 
201-724-3353 

Developing  wrapped  barrels 
(Benet)  and  solid  armatures 

Asiron  Research 

San  Jose  CA 

Charles  Powars 
408-297-2926 

Analyzing  and  developing 
advanced  material  insulator 
and  conductor  rails  for  test 

Auburn  Univ. 

Auburn,  AL 

Gene  Clothlaux 

Ray  Askew 

205-826-5894 

Development  of  advanced 
diagnostic  techniques 

Ballisilc  Research 

Laboratory  (US  Army) 
Aberdeen,  MD 

Keith  Jamison 

Alex  Zielinski 

301-278-5687 

Development  ot  advanced 
diagnostic  techniques;  test 
of  advanced  bore  materials 
and  development  of  projec¬ 
tiles 

Benet  Weapons  Lab 
Watervliel  Arsenal 

Watervliet.  NY 

Pete  Aalto 

Pal  Vottis 

518-266-5595 

Development  and  fabrication 
of  wrapped  composite  bar¬ 
rels 

Boeing  Aerospace 

Seattle,  WA 

John  Schrader 

206-773-2914 

Development  and  test  of 
solid  armature  designs 

Eglin  Air  Force  Base 

Eglin  AFB,  FL 

Ed  Bradley 

Lt  Dan  Jensen 

1 1  Jett  Martin 

904-882-0207 

Development  and  test  of 
multishot  insulator  and  con¬ 
ductor  rails,  solid  and 
plasma  armature 
development  Conventional 
and  Marc  IV  railgun  tests 

Electromagnetic  Launch 
Research  Inc. 

Cambridge,  MA 

Henry  Holm 

617-661-5655 

Development  and  fabrication 
ol  coil  guns  (including  jxjwer 
supplies) 

FMC  Corp 

Minneapolis.  MN 

Steve  French 

617-337-3269 

Design  and  development  ot 
composite  barrels,  materials 
for  use  in  electro- thermal 
guns 

Ford  Aerospace, 
Aoronutronics  Div 

Newport  Beach,  CA 

Bill  Creighton 

714-720-6098 

No  work  currently  being  per¬ 
formed  on  advariced  bore 
materials,  developrnent  of 
advanced  projectile  struc¬ 
tures 

General  Atomics  Corp 

San  Diego.  CA 

Leo  Holland 

Fred  Chamberlain 
619-455-3043 

System  thermal  manage¬ 
ment;  solid  armature  design 

General  Dynamics  Corp 
Valley  Systems  Div 

Rancho  Cucamonga.  CA 

Jaime  Cuadros 

714-945-8370 

No  longer  working  with  rail- 
guns 

GT  Devices 

Alexandria.  VA 

Rod  Burton 

Doug  Witherspoon 
703-642-6150 

Ceramic  materials  tor  use  in 
olectro'thormal  guns 

1  f.  n  ---t-  1-  - 

I/-M  1  1,  rll^^ 

Dayton,  OH 

jL/ilfl  DclPUUP 

Tim  McCormick 
513-296-1806 

Duveiupiin.'iii  ol  suiio  arnia 

lure  and  switch  materials: 
laminated,  stiff  railgun 
barrels 
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TABLE  2.1  -  Continued 


Organization 

Point  of  Contact 
and  Phone  Number 

Materials  Relevant  Work 

Lawrence  Livermore  Labs 
Livermore,  CA 

Ron  Hawke 

415-422-8679 

All  work  IS  being  performed 
at  Sandia 

Los  Alamos  Nat  l  Labs 

Los  Alamos,  NM 

Jerry  Parker 

Bill  Oondit 

505-667-3119 

Development  of  advanced 
diagnostic  techniques  and 
analytic  models.  Design  and 
fabneation  of  Sialon 
ceramic-backed  railgun 

LTV  Aerospace 

Dallas,  TX 

Mike  Tower 

George  Jackson 
214-266-7435 

Not  currently  doing  any 
advanced  bore  materials 
work 

Maxwell  Labs 

San  Diego,  CA 

Mike  Holland 

Rolf  Dethlefsen 

619-576-7087 

Development  and  tost  of 
projectiles.  Design,  fabrica 
tion  and  operation  of  90  rnm 
bore  single  shot  (B)  gun 

MER  Corp 

Tucson,  AZ 

Raof  Loully 

602-746-9442 

Development  of  advanced 
reinforced  ceramic  matrix 
rail  materials 

Physics  International 

San  Leandro,  CA 

Ron  Gellatly 

415-677-7119 

No  Current  woik  on  bore 
materials 

Sandia  National  Labs 
Albuquerque,  NM 

Jim  Asay 

505-844-1506 

Materials  equation  of  slate 
development 

Science  Applications  Inter¬ 
national 

Eglin  AFB,  FL 

Ed  O  Donnell 

904. 883-0389 

oETA  contractor  at  Fglin 
Development  of  bore  abla¬ 
tion  model 

SPARTA,  Inc 

San  Diego,  CA 

Stuart  Rosenwassor 

R  Daniel  Stevenson 
619-455-1650 

Advanced  insulator  and  con¬ 
ductor  materials,  actively 
cooled  conductor  rails,  stiK, 
high  presiress  barrels 

Supercon  InC 

Shrewsbury.  MA 

Eric  Gregory 

617-842-0174 

Development  and  lest  of 
Cu-Nb  conductor  rails 

Texas  Tech  Unlv 

Lubbock,  TX 

Kris  Kristiansen 

Greg  Engel 

806-742  222c 

Deveiopment/tesl  of  switch 
contact,  electrode,  and  insu¬ 
lator  materials 

Univ  of  Texa' 

Austin.  TX 

Bill  Weldon 

Ray  Zaworl  ” 

512-471-4496 

Design,  labricalion  and 
operation  of  stiff,  actively 
pressurized  90  mm  vorlically 
orionlod  single  shot  (B)  rail- 
gun  Use  of  ceramics  in  rail- 
guns 

Westinghouso  Marino  Div 
Sunnyvale,  CA 

Jeff  Ffolchor 

Jett  Anderson 

408  735  ;'400 

Thunderbolt  railgun  design 
and  fabrication  development 
effort 

Westinghouso  RSD  Center 
Pitt.sbuigh.  PA 

John  Spitznagef 

Dan  Deis 

412  256- '48  f 

Selection  and  lest  of 

advanced  bore  muierialF, 
and  fahricrjlion  melfiods  lor 
Thundorboll  through  SUVAC 
li  gun  testing 
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2.2  Results  of  Survey 

A  copy  of  the  surv'ey  form  used  to  record  information  from  each  source  contacted  is 
shown  in  Figure  2.1.  A  listing  of  the  U.S.  railgun  systems  identified  during  the  survey 
along  with  some  of  their  key  design  and  performance  parameters,  and  primary  amiature 
type  and  baseline  bore  materials  are  given  in  Table  2.2.  A  listing  of  railgun  barrels  without 
their  own  power  supplies  that  had  been  fabricated  and  tested  up  until  the  time  of  the  survey 
is  shown  in  Table  2.3.  They  are  included  because  of  intere.sting  advanced  designs  or  the 
use  of  advanced  materials. 

A  brief  summary  of  the  advanced  materials  investigated  by  each  source  is  shown  in 
Table  2.4.  Included  below  is  a  discussion  of  the  railgun  work  relevant  to  bore  materials 
carried  out  at  each  of  the  organizations. 

ARDEC  -  ARDEC  has  four  rail  guns  either  operational  or  under  fabrication: 

/.  EMACK  -  a  5  ni  long,  .“iO  mm  square  bore  gun  (under  mcKlificaiiotu 
a.  TOPAZ  -  2.6  ni  long  with  50  mm  square  bore 
Hi.  FLINT  -  1  m  long  with  1  cm  square  bore 

tv,  Benct  Barrel  -  1,2  ni  long  50  mm  rouml  bore,  fiberglass  overwraj). 

To  be  succeeded  by  a  5  ni  long  version. 

At  this  time,  the  TOPAZ  gun  and  the  Benct  Barrel  are  operating  while  the  EMACK 
power  supply  is  being  upgraded  and  the  FLINT  gun  assembled.  The  EMACK  gun  will 
be  available  for  testing  shortly.  Much  of  the  wt)rk  inv(>lvcs  penctrator/projcctilc  studies 
and  solid  armature  development,  .Shonly,  a  4  m  barrel  produced  by  ARES  using  cast 
alumina  ceramic  in  an  epoxy  organic  matrix  for  the  bore  insulator  will  be  tested,  The 
Benet  barrel  is  being  used  for  projectile  studies,  A  5  m  graphite  fiber/epoxy  v/rapped 
barrel  with  a  50  mm  round  bore  was  under  fabrication  at  Benct  for  delivery  to  ARDEC  in 
June,  1088.  ARDECis  sponsoring  the  development  of  light-weight,  fiber-wrapped  hands 
for  railguns.  All  of  the  above  barrels  use  conventional  bore  materials,  'Ihese  include 
copper  or  copper  alloy  conductor  rails  and  G-0,G- 10,  orG  1 1  insulator  rails.  No  advanced 
bore  material  studies  a.re  underway,  although  the  FLINT  gun  will  be  used  to  test  advanced 
materials  under  development, 

A.stron  Rcsscarch  -  Astron  is  supplying  advanced  ctHiduetor  and  insulator  rails  for  test  at 
Eglin  Air  Force  Base,  Rails  currently  underdevelopment  (for  test  in  Eglin's  PUG  Gun) 
include;  plasma-sprayed  Mo  and  W  coaled  copper  rails,  chemical  vapor  deposited  (CVD) 
coated  W  copper  rails,  rails  with  graphite  strips  brazed  to  the  bore  facing  surface,  solid 
Mo  and  W  rails,  hot-pressed  Si,Nj  insulator  rails  (24  in,  (61  cm)  long)  which  suivivecl 
exiK)sure  in  the  Eglin  I’UG  gun  without  fracture,  although  a  partially  conductive  surface 
coating  was  fonned,  iiiid  glass-reinlorced  polyimide  and  qiniriz  cloth  ic  inlorcetl  |)olyiniidc 
insulating  rtiils. 
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SURVEY  OE  EM  GUN  FtORE  MATERIALS  EXPERIENCE; 

CON'ERACT  DAAL()4-S6-r-()04.‘S 

Location; _ _ _  _ _ 

Contact  and  Other  Key  F’crsonncl: _ _ _ _ _ 

Addrcss  and  Phf)iic  _ _ _ _ _ _ _ 

'I'ypc  and  Naint.  of  tiun: _ _ _ 

Hanoi  Construction,  Oinicnsions/Opcratinc  Parameters  (mass,  peak  acceleralion,  peak  eurreiil.  injeeiiun 
velocity,  Mtial  velocity,  pre-Miess,  max.  pressure.) 


Aniialiire  I  y|>es,  Miilen.ils,  and  Hore  liileractiotis: 


Figure  2. 1 


Viu  rc’iiorl  loriii  i/sud  to  conduot  I  M  Gun  Dora  Mjluniiti^  I  xpurianco 
Survi’y. 


TABLE  2.2  —  Features  of  EML  Systems  Existing  at  Time  of  Survey 
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TABLE  2.2  (Continued) 
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Auburn  University  -  They  are  using  a  30  cm  long  in-house  gun  for  the  development  of 
advanced  diagnostic  techniques  and  will  be  receiving  a  copy  of  the  Los  Alamos  MIDl-11 
gun  from  Eglin  for  the  development  of  soft  x-ray  diagnostic  techniques.  No  materials 
development  work  is  currently  being  performed. 

Ballistic  Research  Lab  (US  Army)  -  The  majority  of  BRL’s  work  is  centered  on 
development  of  advanced  diagnostic  techniques  for  railguns.  They  have  a  small  1  cm 
square  bore  gun  that  is  used  to  prove  out  diagnostic  techniques  and  has  been  used  to  expose 
advanced  conductor  and  insulator  materials  produced  by  SPARTA.  SPARTA  produced 
a  1  m  long,  1  cm  square  bore  barrel  with  provision  for  quick  change  out  of  12  in.  (3()..i 
cm)  long  materials  test  sections  for  use  by  BRL. 

They  also  have  an  in-house  KK)  kj  (capacitive  storage)  electical-thermal  (ET)  type 
gun.  Its  capacitors  are  tailored  to  give  a  ramp  current  to  100  kA  in  8(X)  milliseconds,  It 
uses  round  bores  ranging  from  9.5  to  15.9  cm  diameter  by  15  cm  in  length.  In  September 
1988,  a  1  MJ  (stored)  bank  was  installed  with  a  maximum  current  of  350  to  8(X)  kA.  The 
device  is  currently  not  u.sed  for  materials  studies,  but  for  development  and  application  of 
advanced  diagnostics  and  understanding  of  the  physics  of  ET  guns  (including  internal 
ballistics). 

Benel  Weapons  Lab  -  Benet  is  designing  and  fabrica*ing  compo.siic-wrapped  barrels  for 
test  at  ARDEC.  These  barrels  are  made  from  graphite  or  glass  fiber/epoxy  matrix  mate¬ 
rials.  These  resin  matrix  composite  materials  are  wrapped  over  110  copper  alloy  or 
Glidcop  conductor  rails  and  G-K)  insulating  rails. 

Boeing  Aerospace  •  They  have  been  doing  work  on  the  development  of  solid  armature 
designs  and  are  currently  not  active  in  the  area  of  advanced  rail  gun  bore  materials. 

Eglin  Air  Force  Base  -  Eglin  is  currently  using  their  PUG  Mark  1  gun  with  a  0.6  m  long 
barrel  and  1  cm  square  cross-scction  for  test  of  advanced  materials  that  arc  produced  by 
various  companies  (sec  sections  on  Asiron,  MER  Corp,  and  .SPARTA).  Eglin  themselves 
are  developing  advanced  solid  armatures  and  rail  configuration  designs.  Some  of  these 
results  are  featured  in  the  PUG  Mark  IV  railgun  design.  There  are  other,  larger  guns  at 
Eglin  (including  the  fourTier  1  barrels  built  by  General  Electric,  General  Atomics,  General 
Dynamics,  and  lAP)  but  they  are  not  u.sed  for  materials  development  or  testing.  The  lai  ge 
majority  of  the  shots  are  made  with  copper  alloy  1 10  conductor  rails  and  G-IO  insulating 
rails.  The  refractory  alloy  clad  rails  have  performed  very  well  with  very  low  total  system 
(bore  conductors  and  insulators)  mass  loss  even  after  multiple  shots.  Conventional 
plasma-sprayed  refractory  metal  coaled  rails  tend  tocrack  and  spall.  However,  railscoated 
with  tungsten  by  a  vacuum  plasma  deposition  process  did  perform  well. 

Electromagnet  Launch  Ke.scarch  -  They  arc  active  in  the  area  of  research,  design,  and 
fabrication  of  coil  guns  (linear  synchronous  launchers).  Advanced  maieriak  ineluding 
spiral  inductors  made  from  SiC  fiber  reinforced  a'uminum,  copper  alloy/Incoiiel  laminated 
inductors,  and  barrels  made  from  laminated  copper  and  stainless  steel  utilizing  graphite- 
epoxy  as  an  insulator. 
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FMC  Corp.  -  FMC  has  been  surveying  and  testing  insulator  and  conductor  materials  for 
use  in  the  breech  end  of  electro-themial  guns.  The  main  emphasis  on  electro-thermal  gun 
materials  is  materials  that  exhibit  low  mass  loss  (erosion),  while  plasma  scaling  consid¬ 
erations  are  not  as  imponant.  A  listing  of  the  materials  they  are  investigating  is  not 
available  because  it  is  proprietary.  They  also  fabricated  a  1  m  long.  50  mm  bore  barrel 
tested  at  Maxwell's  CHECMATE  facility.  This  barrel  utilized  AljOj  backup  insulators 
and  a  graphite  fiber-wrapped  barrel  for  light  weight  and  stiffness. 

Ford  Aerospace  -  Ford  is  currently  doing  no  work  in  the  area  of  advanced  railgun  bore 
materials,  They  are  designing  and  fabricating  projectiles  that  arc  being  tested  at  Maxwell 
and  the  University  of  Texas.  Carbon-carbon  is  the  major  advanced  material  being  utilized 
in  these  components. 

(ieneral  Atomics  -  They  have  not  fired  any  of  their  50  mm  bore  guns  recently.  They  arc 
using  two  different  square  bore  in-house  guns  for  the  development  of  thermal  management 
techniques  and  plasma  brush  armatures.  A  50  mm  square  bore  Tier  1  gun  was  fabricated 
using  epoxy  pressure  injected  behind  the  bore  component  in  order  to  provide  preconi- 
pres.sion  at  the  bore  component  interfaces  to  reduce  plasma  leakage.  In  addition,  c(K)lant 
passages  were  gun-drilled  in  the  Cu-Cr  conductor  rails  in  order  to  provide  active  cooling, 

(General  Dynamics  -  General  Dynamics  is  no  longer  working  with  railgtms, 

(J'r  Devicc.s  •  They  have  tested  6  in,  (15  cm)  and  IX  in,  (46  cm)  lengths  of  0,5  in.  (1,27 
cm)  diameter  Al/J,,  and  .SijN4  ceramic  rods  as  insulators  in  their  3  fi,  (0,91  m)  long  hybrid 
eleciro-thcmial/electromagnctic  gun.  This  gun  u,ses  an  E'f  injector  together  with  a  plasma 
arc  and  conductor  rails.  Measured  ablation  on  the  ceramic  rods  was  10  times  less  than 
measured  using  Lexan  insulators,  1  lowcvcr,  deeper  arc  tracking  was  observed  on  the  AljO, 
dispersion-strengthened  copper  (Glidcop  Al-15)  conductor  rails  when  using  the  ceramic 
insulators,  a  phenomenon  that  they  plan  to  investigate  further.  .Some  of  the  1 X  in,  (46  cm) 
long  ceramic  rails  broke  during  test, 

lAP  Inc.  •  The  two  main  areas  of  work  are  solid  armatures  and  various  types  of  switches. 
In  addition,  a  stiff  laminated  steel  containment  barrel  concept  has  been  developed  to 
maximize  induction  gradient,  This  50  mm  gun  has  copper  alloy  rails  and  fi- 10  insulators. 
In  addition,  a  lest  bed  to  measure  the  propenies  of  solid  armature  contact  materials  under 
controlled  conditions  of  velocity,  current  and  contact  pressure  has  been  set  up. 

Lawrence  l.iverniore  Liil)oriiluries  -  I.LLdoes  not  eurrenily  have  any  working  lailguns. 
Some  of  their  personnel  art  involved  with  the  niilguo  program  at  Saiuli;i  National  Laho- 
ratorics, 

I/O.s  Alanio.s  -  Mosi  ol  the  railgun  woik  currently  underway  ai  Los  Alamos  is  concerned 
with  prol)lems  of  diagiu)slics  and  phiMiia  arc  /  liore  nialerials  inieraciions.  No  advanced 
malerials  arc  currently  being  invesiigaieil.  aliliough  analyiical  studies  tiic  being  conducled 
on  advanced  bore  materials,  'llie  only  gun  ciirrently  o|)eriiling  at  Los  Alamos  is  the 
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MIDl-II  gun  ( 1 ,64  ni  long  with  a  9.5  mm  square  bore).  Los  Alamos  fabricated  a  duplicate 
of  the  MIDI-Il  gun  and  it  is  currently  being  fired  at  Eglin  Air  Force  Base  and  will  later  be 
sent  to  Auburn  University. 

LTV  Aerospace  -  They  are  not  currently  performing  any  work  in  the  area  of  advanced 
bore  materials.  Their  distributed  energy  gun  (DES)  is  not  currently  being  used  but  could 
be  put  into  operation  rather  quickly.  They  are  concentrating  in  the  area  of  guided  pro¬ 
jectiles. 

Maxwell  Labs  -  The  CHECMATE  gun  facility  is  no  longer  being  used.  The  large  (8  m 
by  90  mm  round  bore)  SSG  B-gun  is  being  u.sed  to  develop  projectiles.  The  B-gun  uses 
copper  alloy  MZC  rails  and  G-IO  insulators.  Multiple  shots  have  been  conducted  at  half 
power  without  intershot  bore  cleaning. 

MERCorp.  "They  produced  a  pair  of  6  in.  (15  cm)  long  insulator  rails  (for  test  in  Eglin’s 
Mark  I  PUG  gun)  made  from  toughened  ALO^.  The  toughening  was  due  to  the  inclusion 
of  SiC  whiskers  and  a  HfC  transfomtation  toughening  phase.  The  resistivity  of  the  rails 
was  relatively  low,  but  methods  are  being  developed  to  increase  the  resistivity  by  breaking 
up  the  path  between  the  SiC  whiskers.  They  arc  also  looking  at  reinforced  TiBj  matrix 
conductor  rails. 

Phy.sics  International  No  work  is  currently  being  performed  on  bore  materials.  All 
efforts  are  on  fabrication  of  power  supplies  for  the  Thunderbolt  railgun. 

Saiidia  National  Laboratories  -  They  arc  using  their  HLLEOS  (2.4  m  long,  12,7  mm 
round  bore)  gun  to  study  materials  equations  of  state,  .A  two-stage  light  gas  gun  (2SLGG) 
is  u.sed  as  a  preaccelerator  (6  to  8  kmAsec)  into  the  railgun.  Dispersion-strengthened  copper 
(Glidcop)  conductor  rails  and  Lexan  insulator  rails  are  u.sed.  To  date,  only  low  levels  of 
current  have  been  used,  resulting  in  little  bore  materials  damage. 

Science  Applications  International  -  They  have  a  SETA  role  at  Eglin  Air  Force  Base. 
In  addition,  they  operate  the  MIDl-lI  type  railgun  at  Eglin  with  the  purpose  of  measuring 
plasma  armature  bore  drag.  They  arc  also  developing  models  to  predict  bore  ablation. 
They  are  not  performing  any  advanced  bore  materials  w'ork. 

SPARTA- SPAR  I  A  is  active  in  the  areas  of  designing,  fabricating,  and  testing  advanced 
conductor  and  insulator  rail  materials:  advanced  active  cooling  techniques,  solid  armature 
materials  and  designs;  and  barrel  prestressing  and  stiffening  designs.  Examples  of  con¬ 
ductor  rails  include  W,  Mo,  Mo-TZM,  and  W-Ke  clad  (using  solid-state  bonding)  copper 
rails;  detonation  gun  coated  WC  rails;  and  TiB^,  and  ZiB,  matrix  conductive  ceramic  rails 
(including  reinforced  grades).  Solid  molybdenum  rails  have  been  exposed  but  exhibited 
cracking  after  multiple  shots  (greater  than  live).  l-)xamples  of  insulator  raiK  include: 
iidvanced  organic  c(im|50siies  (using  glass,  quart/,  and  alumina  reinforcement),  high 
toughness  tailored  ceramics,  and  whisker  and  fiber  reinforced  ceramics.  Conductor  rails 
Willi  iiiicrniti  cool, lilt  p.os.tgi.-s  loi  active  cooling  have  been  devciopeu  lu;;:ng  solid  slate 
boiuling  to  consolitlak:  the  rails)  and  lesieil.  A  .50  mm  by  1  m  railgun  barrel  prestrc;tsed 
using  hydraulic  pressuri/alion  to  prevent  plasma  leakage  has  been  designed,  fabricated 
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and  tested.  This  barrel  has  demonstrated  the  use  and  survival  of  ceramic  backup  insulators 
and  their  dramatic  effect  in  minimizing  bore  deflections.  The  barrel  demonstrated  that  at 
currents  up  to  1.5  MA  that  Mo-clad  rails  eroded  only  slightly,  and  that  glass-reinforced 
melamine  cleanly  ablated  at  about  0.001  in.  (0.025  mm)  per  shot. 

Supercon  -  They  are  pursuing  the  development  of  niobium  filament  reinforced  copper 
rails  foi  use  as  railgun  bore  conductors.  This  work  (performed  under  a  Phase  I  Air  Force 
SBIR)  offers  the  possibility  of  decreased  bore  erosion  because  of  the  electron  emission 
properties  of  the  niobium  filaments. 

Texas  Tech  Univ.  -  Much  effort  is  directed  toward  the  development  and  test  of  advanced 
switch  and  contact  materials,  many  of  which  can  also  be  used  as  railgun  conductor 
materials.  Three  different  test  beds  aie  used  to  expose  materials  to  stationary  and  moving 
arcs  to  determine  ablation  resistance  of  both  conductors  and  insulators  and  rapid-fire 
voltage  standoff  degradation  of  insulators.  In  conjunction  with  the  current  SPARTA 
contract,  a  program  has  been  initiated  to  screen  a  variety  of  advanced  insulator  and  con¬ 
ductor  materials,  including  a  large  number  of  reinforced  ceramic  materials  for  use  as 
advanced  railgun  bore  materials. 

Univ.  of  Texas  at  Austin  -  The  GEDI  gun  (1  m  and  2  m  versions  with  12.7  mm  square 
bores)  is  actively  used  with  sprayed  Mo  on  copper  1 10  conductor  rails.  At  550  kA/cm, 
some  spalling  occurs  of  the  Mo  coating.  In  addition,  another  GEDI  barrel  has  solid 
molybdenum  conductor  rails.  The  barrel  is  honed  between  every  shot.  Quartz  strips  are 
bonded  to  a  G- 10  substrate  and  used  for  bore  insulators.  They  fracture  on  every  shot  and 
are  replaced,  but  ablate  very  little.  A  3  m,  45  mm  round  bore  gun  is  currently  being  used 
to  test  projectile  designs.  This  gun  uses  35  kpsi  (241  MPa)  hydraulically-pressurized 
ceramic  cylinders  to  transmit  precompression  to  the  bore  components  and  to  minimize 
bore  deflections.  The  rails  are  made  from  pure  copper  and  the  bore  insulators  are  E-glass 
polyester.  The  3  m  gun  is  a  prototype  of  the  SSG  B-gun  (10  m,  90  mm  bore)  currently  in 
fabrication.  The  use  of  high-modulus  ceramics  and  molybdenum  rails  has  been  demon¬ 
strated  to  minimize  bore  deflections  and  thus  plasma  leakage.  Effort  has  also  been  place 
on  the  development  of  solid  armatures  that  minimize  damage  to  the  conductor  rail  surfaces, 

Westinghou.se  Marine  Div.  -  Two  railguns  are  currently  in  operation  at  the  Marine 
division,  the  lab  gun  and  the  CAP  gun.  The  lab  gun  is  a  single  prototype  segment  of  the 
Thunderbolt  System.  These  guns  are  used  to  test  out  materials,  designs,  and  fabrication 
methods  of  pertinence  to  the  Thunderbolt  System.  The  Thunderbolt  System  (3  segments) 
is  currently  being  assembled. 

Westinghou.se  R&D  Center  ■  Much  of  the  Westinghou.se  R&D  effort  on  advanced 
materials  has  been  directed  toward  selection  and  verification  of  materials  and  processes 
for  the  Thunderbolt  gun  which  is  under  fabrication.  They  currently  are  using  two  different 
guns  for  their  development  tests:  SUVAC  1  (2  m  with  1  cm  .square  bore)  and  SUVAC  11 
(varying  lengths  to  14  m  with  2  cm  round  bore)  that  arc  used  to  test  Thunderbolt  materials 
and  concepts.  The  following  are  being  investigated: 
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a.  Control  of  plasma  chemistry  through  selection  of  bore  materials 

b.  Solid  state  bonded  refractory  alloys  clad  to  copper  substrates 

c.  Graphite  fiber-epoxy  as  a  bore  insulator 

d.  DuPont  FP  alumina  fiber  in  epoxy  insulators 

e.  Uiw  and  high  carbon  content  Mo-TZM  cladding  for  conductor  rails 

f.  AI2O3  particulate-loaded  epoxy  (up  to  80%  by  volume)  for  use  as  a  bore 
insulator  material.  As  the  epoxy  ablates,  the  alumina  particulate  may 
feed  the  plasma  and  reduce  erosion  of  the  conductor  rails. 

g.  Pyrolytic  BN  chemical  vapor  deposited  on  graphite,  extracted  as  cylin¬ 
drical  segments,  and  bonded  to  G-9  for  use  as  a  bore  insulating  material. 

2.3  Survey  Summary  and  Conclusions 

Although  the  extent  of  this  survey  was  limited  by  the  resources  and  time  duration 
allocated  to  it,  SPARTA  believes  that  the  results  give  an  accurate  picture  of  the  status  of 
railgun  materials  usage,  perfomiance,  and  development  work  at  the  beginning  of  this 
program  (in  1988).  The  information  was  obtained  from  conversations  with  the  key 
investigators  at  the  pertinent  organizations,  from  the  literature,  and  from  recent  symposia 
and  meetings.  The  following  items  summarize  the  important  findings  and  conclusions: 

2.3.1  General 

•  There  are  about  36  railgun  barrel  subsystems  in  the  United  States  either  existing 
or  under  construction.  Several  of  these  are  operated  off  common  power  sup¬ 
plies  and  at  least  three  do  not  have  their  own  power  supplies. 

•  With  a  few  exceptions,  the  existing  guns  are  designed  and/or  operated  in  a 
single  shot  mode  with  some  bore  maintenance/cleaning  required  between  each 
shot. 

•  The  bore  materials  of  choice  for  a  majority  of  the  existing  railguns  and  for  a 
very  large  fraction  of  the  railgun  shots  that  have  been  made  are  btu'e  copper  or 
copper  alloy  conductor  rails  and  glass  reinforced  resin  matrix  composite 
insulators. 

•  With  the  exception  of  some  excellent  work  on  plasma  amiature  /  bore  material 
interactions,  there  has  been  little  effort  expended  in  analytically  predicting 
which  materials  properties  most  dominate  railgun  perfomiance  and  lifetime, 
7'here  has  been  almost  no  work  in  quantifying  property  goals  for  railgun  bore 
materials. 

•  I'herc  have  been  recent  programs  (most  funded  through  the  DoD  Small 
Business  Innovative  Research  (SBIR)  Program)  to  develop  specific  advanced 
materials  or  materials  concepts.  I’hese  have  been  aimed  at  improved  rail  or 
insulator  plasma  annature  erosion  /  ablation  resistance. 
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•  The  emerging  “conventional  wisdom”  of  the  railgun  community  is  that  lower 
radial  defomiation,  higher  stiffness  bores  will  benefit  the  perfomiance  of  both 
solid  and  plasma  armature  railguns.  However,  this  effect  has  not  been  either 
experimentally  or  analytically  verified. 

•  The  requirements  for  plasma  armature  railgun  materials  have  been  given  more 
attention  than  those  for  solid  armature  railgun  bores.  Contamination  of  the 
plasma,  secondary  restrike,  insulator  breakdown,  and  ablation/erosion  of  the 
rails  and  especially  the  insulators  are  most  often  mentioned  as  key  issues  for 
plasma  armature  railgun  materials.  Rail  gouging,  armature  contact  loss,  and 
bore  deformation  effects  on  contact  loss  were  most  often  mentioned  as  key 
solid  armature  railgun  materials  issues. 

2.3.2  Conductor  Bore  Materials 

•  The  large  majority  of  railgun  shots  have  been  made  using  pure  copper  or  copper 
alloy  rails  including  OFHC,  alloy  1 10,  oxide  dispersion-strengthened  copper 
(Glidcop)  or  MZC  (magnesium-zirconium-chromium)  copper.  Since  most 
guns  have  been  cleaned  and/or  honed  between  shots,  the  ablation  and  melting 
that  occurs  with  copper  alloy  rails  has  been  more  or  less  acceptable  for 
experimental  railguns. 

•  Several  organizations  (Astron,  SPARTA,  Univ.  of  Texas,  and  Westinghouse) 
have  investigated  solid  or  clad  refractory  alloy  (Mo,  Mo-TZM,  W,  W-Re, 
W-Cu,  Nb,  etc.)  rails.  The  claddings  and  coatings  have  been  applied  by 
plasma-spiay,  CVD,  detonation  gun  .spray,  and  solid  state  bonding.  Both 
SPARTA/Amiy  BRL  and  Westinghouse  have  noted  fracture  in  solid  molyb¬ 
denum  rails  after  repeated  (greater  than  five)  shots.  Spallation  and/or  cracking 
of  sprayed,  CVD,  or  detonation  gun  coated  rails  has  been  noted,  but  copper 
rails  coated  by  the  vacuum  plasma  deposition  process  have  performed  well  on 
limited  tests.  Generally,  if  the  cladding  or  coating  adheres  to  the  substrate  in 
plasma  amiature  guns,  erosion  and  melting  are  significantly  reduced.  The  use 
of  refractory  metal  rails  for  solid  armature  guns  has  been  very  limited. 

MER  Corp.,  SPARTA,  and  Texas  Tech  have  done  limited  work  with  con¬ 
ductive  ceramic  rails.  Methods  to  toughen  these  rails  by  use  of  whiskers, 
chopped  fibers,  or  continuous  reinforcing  filaments  are  underway.  Much 
additional  work  is  needed,  and  obtaining  conductivities  that  will  be  acceptable 
from  a  .system  efficiency  consideration  is  a  key  issue  with  plasma  armatures. 

•  Very  limited  testing  of  graphite  rails  has  been  conducted  by  Astron/Eglin. 
Additional  work  will  be  done  in  order  to  fully  understand  the  merit  of  this 
concept. 

•  Multiple  sliot.s  (up  to  five)  have  been  fired  on  refn^'tory  alloy  clad  rails  without 
need  for  cleaning  or  honing. 
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2.3.3  Insulator  Bore  Materials 


•  The  large  majority  of  railgun  shots  have  been  made  with  G-9,  G-lO,  or  G-1 1 
type  insulating  rails.  In  general,  G-9  (glass-reinforced  melamine)  has  per- 
fomied  best  in  plasma  armature  guns  because  it  tends  to  be  cleanly  ablating 
and  does  not  require  cleaning  of  conductive  char  or  soot  between  shots. 
Melamine  also  aids  in  reducing  arc  restrike. 

•  Astron,  GT  Devices,  MER,  SPARTA,  University  of  Texas,  and  Westinghouse 
have  tested  ceramic  bore  insulating  rails  and/or  backup  insulators.  Although 
structural  failures  have  been  noted,  survivability  has  been  demonstrated  under 
proper  prestress  and/or  lower  linear  current  densities. 

•  Very  little  testing  of  the  most  advanced  toughened,  reinforced  ceramics  have 
been  conducted 

•  Deterioration  of  surface  voltage  standoff  has  been  noted  on  some  ceramics, 
and  is  an  issue  for  multishot  railguns 

2.3.4  Design 

•  Design  of  the  railgun  barrel  has  been  shown  to  be  an  integral  factor  in  the 
perfonnance  of  the  railgun  bore  materials.  Groups  including  General  Atomics, 
Sl’ARTA,  and  the  University  of  Texas  have  developed  barrel  designs  (and 
fabricated  them)  with  the  purpose  of  ininimi/.ing  bore  deflections,  maintaining 
brittle  ceramics  under  compression,  and  in  the  case  of  plasma  armatures, 
minimizing  leakage. 

•  Baiiel  designs  at  EMC  Corp.,  Los  Alamos,  SPARTA,  and  University  of  Texas 
have  made  increasing  use  of  ceramics  as  backup  insulating  materials  in  order 
to  increase  the  overall  radial  stiffness  of  the  barrel  to  reduce  bore  deflections. 

Although  this  survey  was  conducted  in  late  1988,  little  has  changed  in  the  area  of 
bore  materials  since  that  time,  so  it  portrays  a  relatively  accurate  picture  of  the  current 
state  of  the  art. 
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3.0 


DEFINING  GUN  DESIGNS  AND 
BORE  ENVIRONMENTS 


A  schematic  drawing  which  illustrates  the  environment  of  the  bore  materials  in  a 
current  electromagnetic  railgun  is  shown  in  Figure  3.1 .  The  specific  structural,  thermal  and 
electric  loads,  many  of  which  act  simultaneously  on  the  bore  conductor  and  insulator  rails, 
are  listed  in  Table  3. 1 .  The  time  scale  over  which  each  of  these  loads  acts  is  also  described. 

In  order  to  define  the  exact  mechanical  and  thermal  loads  which  electromagnetic 
launcher  (EML)  bore  insulators  rails  e.xperiencc,  it  was  necessary  to  develop  a  representative 
analytical  model  of  a  railgun  design.  The  EML  cross-section  shown  in  Figure  3.2  was 
selected  as  the  baseline  on  which  to  conduct  the  analytical  studies  of  Section  4.0,  which 
resulted  in  tht  selection  of  railgun  insulator  goal  propertie.s  (requirements).  This  hydrauli¬ 
cally  pre.si.-essed  railgun  design  has  been  utilized  on  a  number  of  existing  high-energy  rail- 
guns,  including  tho.se  manufactured  by  SPARTA  and  the  University  of  Texas  -  Center  for 
Electromechanics  (UT-CEM).  The  configuration  is  comprised  of  a  round  bore  with  an 
external  prestress  uniformly  applied  on  the  backup  insulators.  This  configuration  represents 
a  prototypical  weaponlike  rep-rated  system.  The  EML  performance  (efficiency  and  bore 
deflection)  was  examined  for  a  wide  variation  in  presumably  achievable  material  propertie.s 
for  the  rail,  bore  insulator  and  backup  insulators.  A  photograph  of  an  EML  manufactured 
by  SPARTA  for  ARDEC  based  on  this  design  approach  is  included  as  Figure  3.3,  along  with 
it’s  operational  parameters. 

The  EML  env.ironment  for  both  solid  and  plasma  armatures  were  considered  to 
detenninc  their  effects  on  the  bore  material  requirements.  The  loading  for  these  two  cases 
consists  of  a  peak  unifomi  pressure  (plasma  induced)  occurring  adjacent  to  the  rear  of  the 
projectile  and  dropping  off  to  a  rail  repulsion  (electromagnetic)  force  several  bore  diameters 
aft  of  the  projectile  for  the  plasma  armature,  and  a  nonsymmetric  rail  repulsion  force  (i.c. 
acting  only  on  the  conductor  rails)  only  for  the  solid  armatures.  Thcmial  loading  also  is 
dramatically  affected  by  armature  type.  .Since  both  types  of  armatures  are  considered  for 
future  EML  applications,  and  because  solid  armatures  transition  to  "plasma  brushes"  at 
vchK'ities  above  about  1 .5  km/sec,  the  implication  of  armature  type  on  the  loads  experienced 
by  EML  insulator  rails  were  evaluated. 
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Figure  3. 1  -  Schematic  of  structural,  thermal  and  electrical  environment  experienced 
by  electromagnetic  launcher  bore  materials. 


Figure  3.2  •  Bar-;olino  barrel  corUiguration  used  in  analytical  modeling  utudivc 
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TABLE  3.1  -  Environmental  Leads  Experienced  by  Electromagnetic  Accelerator  Bore  Materials 


Bore  Diameter: 
Acceleration  Length: 
Peak  Current: 

Peak  Bore  Pressure: 
Peak  Voltage: 
Muzzle  Energy 
Inductance  Gradient 


3.54  in.  (90  mm) 

275.6  in.  {7m) 

3.6  MA 

60  kpsi  (414  MPa) 
22  kV 
9t0i4MJ 
>  0,38  pH/m 


Figure  3,3  -  ARDEODARPA  Advanced  Composite  Railgun  and  Pertinent  Operating 
Parameters 
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4.0 


ANALYTICAL  MODELING  TO  DEFINE 
PROPERTY  REQUIREMENTS 


The  analytical  modeling  of  the  baseline  EML  design  is  based  on  a  3-level  approach 
which  includes  evaluating  the  effect  on  performance  of  tailored  material  properties  at  a 
micro,  macro,  and  subcomponent  materials  systems  level.  It  considers  the  materials  to  be 
composite  materials,  which  would  be  the  most  complex  situation,  but  the  model  applies  also 
to  monolithic  materials,  since  they  can  be  viewed  as  composites  with  zero  loading  fractions 
of  reinforcement.  The  micro-level  involves  estimating  the  anisotropic  composite  properties 
based  on  the  constituent  fiber  or  particulate,  and  matrix  material  components.  The  primary 
variables  include  fiber  type,  volume  fraction  and  orientation,  particulate  volume  fraction  and 
type,  and  matrix  type  and  microstructure.  The  macro-level  includes  multilaminate  layers  of 
these  composites  for  the  bore  components  (e.g.  clad  rails  or  multidirectional  composite 
layups  of  bore  insulators).  The  subcomponent  or  material  systems  level  consists  of  confi¬ 
guring  the  macro-level  components  into  a  barrel  configuration  and  evaluating  the  interplay 
of  critical  material  properties  (e.g.  elastic  modulus,  etc.)  on  the  overall  barrel  performance. 

It  is  at  the  subcomponent  level  that  material  properties  can  be  equated  with  gun  per¬ 
formance.  One  measure  of  gun  performance  is  bore  displacement  during  an  electrical  shot. 
Figure  4.1  illustrates  the  bore  deflection  for  two  types  of  loading  conditions  (plasma  and 
solid  armature)  on  a  barrel  designed  with  low  and  high  subcomponent-level  stiffness.  These 
diagrams  are  the  result  of  finite-element  modeling.  The  results  support  the  significance  of 
tailored  and  improved  material  properties  on  reducing  bore  deflections.  The  modeling  also 
illustrates  higher  peak  deflection  values  for  the  solid  armature  design  resulting  from  the 
asymmetric  bore  loading.  This  is  because  of  electromagnetic  stresses  acting  alone;  the 
plasma  pressure  being  absent  for  the  solid  armature  configuration. 

Initial  studies  were  also  conducted  around  a  baseline  configuration  to  show  the  sen¬ 
sitivity  of  bore  deflection  to  material  stiffness.  Figure  4.2  illustrates  some  of  the  results  of 
this  study.  The  bore  insulator  and  rail  displacements  are  shown  for  increases  in  modulus 
values  above  the  selected  baseline.  The  rail  modulus  (baselined  at  20  Mpsi  (138  GPa))  is 
not  as  influential  as  the  bore  and  backup  insulator  moduli  in  controlling  the  bore  displace¬ 
ments.  This  type  of  analysis  helps  in  directing  the  study  effort  to  the  material  properties  and 
buie  conipuiicnts  that  have  the  greatest  systems  payoffs. 
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The  results  presented  in  Figures  4. 1  and  4.2  illustrate  the  impact  of  using  tailored  high 
modulus  materials  for  the  bore  components  and  backup  insulators  in  minimizing  bore 
deflections.  The  differences  between  stiff  and  soft  EML  designs  translate  to  reductions  in 
bore  deflections  of  30  to  40  times. 

4.1  Bore  insulators 

Ceramics  have  almost  zero  plastic  strain  at  failure  (0%  ductility)  and  fail  catastroph¬ 
ically  under  load  when  cracks  propagate  from  pre-existing  flaws,  usually  at  the  surface. 
The  resistance  to  fracture  is  a  material  property  called  “fracture  toughness”.  Work  was 
initiated  to  define  the  goal  fracture  toughness  value  for  high  stiffness  ceramic  materials 
being  developed  in  the  program.  This  work  involved  calculating  the  dynamic  stress  levels 
on  the  bore  component  free  surfaces  and  relating  these  stresses  to  the  critical  flaw  size  that 
would  cause  fracture  using  the  equation’; 


42.,  =  a^  ,  (Eq.4.1) 

where  a„  =  critical  flaw  size 

Kic  =  plain  strain  fracture  toughness 

a  =  geometric  term 

<5  =  maximum  tensile  stress. 

The  minimum  initial  manufacturing/processing  flaw  size  that  is  reliably  detectable  by 
inspection  or  proof  testing  then  defines  the  required  fracture  toughness  that  will  prevent 
ceramic  failure  under  a  given  maximum  operating  stress.  Since  both  the  barrel  configu¬ 
ration  and  linear  current  density  (amps  per  centimeter  of  rail  height)  strongly  influence 
these  stress  levels,  both  soft  and  stiff  EML  configurations  were  evaluated  over  a  range  of 
current  (or  pressures).  The  bore  insulator  elastic  modulus  was  parametrically  varied  for 
each  configuration.  In  addition,  the  type  of  armature  (solid  or  plasma)  also  has  major 
effect  on  the  insulator  stress  distribution.  The  plasma  armature  results  in  an  outward 
insulator  movement  during  the  electrical  pulse  because  of  the  uniform  plasma  pressure 
loading.  The  solid  armature  design  results  in  a  net  inward  movement  of  the  insulator 
during  the  shot  due  to  the  non-symmetric  loading  on  the  rail  which  pinches  the  bore 
insulators,  forcing  them  inward. 


30 


HIGH  MODULUS  DESIGN  LOW  MODULUS  DESIGN  DISPLACEMENT 

BORE  INSULATOR;  45  Mpsi  (310  GPa)  BORE  INSULATOR  (G-10);  2  Mpsi  (13.8  GPa)  (mm) 
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Fiiithcr  analysis  centered  on  confirming  the  stress  levels  in  the  bore  insulator  during 
the  electromagnetic  shot.  The  previously  reported  results  were  based  on  two-dimensional 
structural  analysis  of  the  barrel  system.  A  more  detailed  three-dimensional  model  was 
developed  for  the  high  modulus  barrel  design  and  evaluations  were  made  for  both  plasma 
and  solid  armature  loading  conditions.  The  more  detailed  three-dimensional  model  results 
confimied  the  two-dimensional  parametric  results.  The  detailed  model  also  provides  the 
axial  distribution  in  the  vicinity  of  the  solid  or  plasma  armature. 

A  representative  square  bore  configuration  wa^  also  analyzed,  because  this  is  the 
type  of  gun  which  would  be  used  for  screening  of  candidate  bore  materials  iii  this  program. 
'I'lic  relevant  configuration  selected  is  that  repre.sented  by  the  FLINT  gun  design  at  the 
U.S.  Army  Armament  Research,  Development  and  Engineering  Center  (ARDEC)  facility, 
at  Ficaiinny  Arsenal,  NJ  (similar  to  the  Plasma  Utility  Gun  (PUG)  at  Eglin  Air  Force  Base). 
This  tlesign  represents  both  a  generic  stiiiare  bore  design  and  was  also  used  in  the 
experimental  ceramic  insulator  screening  test  program  (Section  6.3).  We  identified  some 
mtHlifications  of  the  I-LINT  gun  design  to  provide  a  higher  backup  insulator  .stiffness  and 
mo'lifieation  of  the  geometry  of  the  bore  insulator.  These  modifications  we.-e  necessaiy 
to  reduce  the  backup  deflection  under  loading  and  provide  a  better  test  bed  for  the  bore 
rail  and  insulator  combination.  'Phis  analysis  is  detailed  in  Section  6.3.1. 

The  mtxleling  and  evaluation  of  propeny  requirements  ftxtussed  next  on  the  appli¬ 
cability  to  various  LML  barrel  configiiration.s,  evaluation  of  ceramic  fracture  toughness 
requirements  and  thermal  effect  ol  rail  claddings.  In  order  to  evaluate  the  applicability  of 
our  material  property  requirernents  modeling,  two  round  bore  configurations  were  eval¬ 
uated  (these  represented  relevant  banel  configurations  being  developed  at  the  time), 
I'rcstress  of  barrel  components  can  be  applied  in  a  variety  of  ways  including  both  active 
hydraulic  pressurization  and  passive  curcd-iii-placc  residual  stress  application.  Figure  4,3 
provides  a  schematic  ol  the  iwo  barrel  configurations  evaluated  in  this  study.  Theprestress 
is  assumed  uniformly  applied  on  the  backup  support  ring.  'Fwo  approaches  have  been 
developed  in  the  design  of  the  backup  support  ring;  one  using  a  solid  ring  and  the.  other  a 
segmented  support  ring.  The  pi  imiiry  difference  in  the  concepts  is  the  efficiency  of  the 
external  prestress  transfer  into  the  lail/bore  insulator  interface.  As  shown  in  Figure  4.3, 
the  segmented  design  results  in  a  3  to  1  increase  in  the  applied  prestress,  thus  15  kpsi  (103 
MI’a)  externally  ai)()licd  provides  4.5  kpsi  (310  MFa)  on  the  rail/bore  insulator  interface. 
The  solid  support  ring  design  approach  actually  result.s  in  a  stress  reduction  of  2  to  1. 
I  lowever,  the  preload  transfer  is  noi  as  critical  as  the  necessity  of  the  backup  support  ring 
!)i:ing  eonsinicied  iVom  a  very  high  siilTness  (modulus)  material,  fivaluations  were 
coinpleied  for  l)oih  of  iliese  barrel  configiiraiitnis  under  plasma  and  solid  armature  envi¬ 
ronments,  The  resulis  show  very  little  dilTerence  in  the  bore  deflection  magnitudes  and 
slicss  levels  duiinii  the  railgun  firing.  These  results  provide  support  of  the  applicability 
of  our  materials  property  modeling  to  other  relevant  barrel  configurations. 
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Figure  4.3  -  Active  prestress  load  transfer  efficiency  to  the  rail  /  tx>re  insulator  interface. 
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It  was  stated  earlier  that  the  stiff  EML  barrel  designs  translated  to  factors  of  30  to 
40  times  reduction  in  bore  deflections.  Fracture  toughness  analysis  for  both  stiff  and  the 
soft  bore  insulator  materials  was  conducted.  The  required  fracture  toughness  is  defined 
as 


where 


K,^  =  fracture  toughness 
Sj  =  fracture  strength 

M  =  1.05  for  fabrication-caused  surface  cracks 
=  critical  flaw  size. 


(Eq.  4.2) 


The  minimum  initial  manufaciuring/processing  flaw  size,  that  is  detectable  by 
inspection  or  proof  testing  defines  the  required  fracture  toughness  for  a  given  operating 
stress. 


The  probability  of  flaw  detection  is  a  function  of  the  tliickness  sensitivity,  which  is 
the  flaw  size  divided  by  the  part  thickness.  Figure  4.4  shows  that  a  0.010  inch  (0.25  mm) 
flaw  in  a  0.5  inch  (1.27  cm)  thick  bore  insulator  (2%  of  the  section  thickness)  translates 
into  a  flaw  detection  probability  of  95%.'*’  A  0.025  in.  (0.63  mm)  flaw  is  3%  of  the  section 
thickness,  giving  a  flaw  detection  probability  of  97%.  Ninety-five  percent  is  an  acceptable 
level  of  detection  probability,  so  the  maximum  allow’uble  flaw  size  used  in  determining 
toughness  requirements  was  0.010  inches  (0.254  mm). 

Calculated  maximum  insulator  hoop  stresses  and  fracture  toughness  requirements 
were  plotted  for  the  high  modulus  backup  EML  barrel  design  case.  Figure  4.5  shows  the 
maximum  insulator  htxip  stress  as  a  function  of  the  rail  linear  current  density  or  rail 
repulsive  pres.siire  for  insulator  moduli  of  25  Mpsi  (172  GPa),  50  Mpsi  (345  Gpa)  and  75 
Mpsi  (517  GPa).  The  rail  repulsive  pressure  (solid  anriature)  causes  an  outward  deflection 
of  the  rail  and  an  inward  displacement  of  the  bore  insulator,  creating  a  tensile  hoop  stress 
on  the  inner  side  of  the  bore  insulator.  A  rail  current  density  of  450  kA/cm  was  used  as 
the  upper  design  limit,  and  as  Figure  4.5  shows,  this  translates  to  a  maximum  insulator 
hextp  stress  of  38  kpsi  (266  MPa)  for  a  modulus  of  25  Mpsi  (172  GPa),  52  kpsi  (360  MPa) 
for  a  mcxlulus  of  50  Mpsi  (345  GPa)  or  64  kpsi  (440  MPa)  for  a  mcxiuliis  of  75  Mp.si  (517 
GPa). 

The  maximum  tensile  hoop  stres.ses  on  the  bore  insulator  determine  the  kx:ation  for 
the  required  fracture  toughness  calculation  and  for  the  required  ceramic  insulator  strength 
determination.  The  maximum  hoop  stresses  shown  in  Figure  4.5  were  translated  into 
required  fracture  toughness  values  for  the  minimum  detectable  manufacturing  flaw  size 
of  0.010  in.  (().2.S4  mm).  I'he  results  arc  plotted  in  Figure  4.6  for  the  three  different  bore 
insulator  moduli. 
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Thickness  Sensitivity  (%) 


Figure  4.4  Probability  of  detection  of  a  flaw  as  a  function  of  thickness  sensitivity 
(flaw  size  divided  by  section  thickness). 

The  sensitivity  to  a  minimum  detectable  crack  depth  size  is  evaluated  in  Figure  4.7. 
The  required  fracture  toughness  was  plotted  as  a  function  of  variation  of  rail  linear  current 
density  and  the  maximum  insulator  tensile  hoop  stress  for  minimum  detectable  crack 
depths  of  0.0 1 0  in.  (0,254  mm),  0.025  in.  (0.635  mm)  and  ().()5()  in .  ( 1 .27  mm).  The  fracture 
toughness  requirements  decrease  with  the  reduction  of  the  critical  flaw  size  that  is 
detectable.  The  result  of  this  analysis  is  that  a  fracture  toughness  of  5.0  kpsiMn'^  (5.5 
MPa*m'^)  is  the  minimum  acceptable  value  for  a  bore  insulator  material  with  a  modulus 
of  50  Mpsi  (345  GPa)  and  a  minimum  detectable  flaw  size  of  0.010  in.  (0.25  mm) 

The  required  fracture  toughness  developed  and  shown  in  Figures  4.6  and  4.7  was 
u.sed  to  establish  a  goal  range  for  toughened  candidate  ceramic  bore  insulators  in  Figure 
4.8.  This  encompas.ses  the  projected  levels  of  railgun  loading  environments. 

Figure  4.7  shows  the  relationship  between  the  operating  EML  environments  of  the 
railgun  to  the  required  fracture  toughness  and  critical  flaw  size  for  the  solid  amiature  case. 
A  dimensionless  analysis  of  the  railgun  was  also  performed  to  evaluate  the  axial  loading 
due  to  a  moving  plasma  armature.  The  analysis  was  limited  to  a  length  of  9.8  in.  (25  cm) 
to  reduce  the  CPU  runtime  to  a  reasonable  length.  The  interface  between  the  rail  and  the 
bore  insulator  was  modeled  using  frictional  interface  elements.  The  soft  interface  between 
the  backups  and  the  rail/bore  insulators  were  also  modeled.  A  plasma  pressure  of  45  kpsi 
(310  MPa)  w'as  applied  on  the  rail  and  the  bore  insulator  between  the  ax).-  '  locations  of  0 
and  2.95  in.  (7.5  cm.).  The  backup  insulator  was  prestressed  to  15  kpsi  ( 103  .MPa).  The 


36 


maximum  outward  radial  displacements  of  the  rail  and  insulator  are  plotted  in  Figure  4.9, 
The  maximum  axial  stresses  for  the  rail  and  bore  insulator  are  snown  as  a  function  of  the 
axial  location  i.i  Figure  4,10.  The  maximum  insulator  tensile  stresses  (U)  kpsi  (69  MPa)) 
are  lower  for  the  plasma  armature  case  compared  to  the  solid  armature. 
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300  3'jO  ^00  450  600  550 

Roll  Lln«or  Current  kAmp/cnrt 
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Figure  4.5  Effects  of  bore  insulator  modulus  on  the  maximum  insulator  hoop 
stress  for  different  current  densities. 
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Toughnett 
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Rail  Ltneor  Current  Density,  kAmp/cm 
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Rail  Repulsive  Pressure,  Kpsi 

Figure  4.6  Required  fracture  toughness  of  advanced  bore  insulators  as  a  t unc¬ 
tion  of  conductor  rail  current  density  and  insulator  moduli. 
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Figure  4. 7  Required  fracture  toughness  of  advanced  bore  insulators  as  a  func 
tiO'i  of  mininiurn  detectable  crack  depth  and  conductor  rail  current 
density. 
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Figure  4.8  The  range  of  achievable  fracture  toughness  values  for  some  ceramics 
and  ceramic-matrix  composites. 
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Figure  4.9  Axial  variations  of  the  rail  and  insulator  maximum  displacements  due 
to  plasma  armature  pressure. 
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Axial  Localion.  cm 


Figure  4. 10  Axial  variations  of  the  maximum  axial  hoop  stresses  in  the  conductor 

rails  and  insulators  due  to  plasma  armature  pressure. 

In  addition  to  the  .strength  and  toughness  rccjiii  remen  is  which  were  established  for 
candidate  bore  insulators,  it  was  also  necessarj'  to  assess  the  requirements  for  high  voltage 
surface  breakdown  resistance,  This  quantity  is  the  maximum  voltage  per  unit  length  which 
an  insulator  can  stand  off  actt)ss  its  surface  before  surface  breakdown  occurs  and  an  arc 
traverses  it,  7'he  determination  of  this  requirement  did  not  require  any  analysis;  it  is  a 
simple  question  of  the  anticipated  operating  voltages  and  bore  diameters  that  will  be  used 
in  die  next  generation  of  electromagnetic  launchers.  This  value  must  be  rettiined  after 
multiple  arc  exposures,  since  a  plasma  armature  mtiy  degiade  the  insuhitor  surface  in  the 
same  manner  as  an  arc  jumping  across  it.  M.iny  certmiic  iiisiilaiois  nre  seen  to  c.shibii 
good  standoff  strength  before  they  are  overloaded,  but  their  surface  resistance  diminishes 
significantly  alter  being  traversed  by  an  arc.  'I'liis  is  because  the  arc  may  cause  chemical 
decomposition  ot  the  insulator  material  leaving  conductive  decomposition  products.  An 
example  of  this  is  zirconia-based  cenimics.  Zirconium  oxide  is  an  inherently  good 
insuhitor,  but  if  an  electrical  arc  brettks  across  its  surface,  it  causes  a  film  of  zirconium 
meliil  to  fonn  on  it,  reducing  its  resistance  to  subsequent  voltage  loading.  .^  survey  of 
tinliciiiated  railgun  development  revetiled  tluil  future  bore  insulators  will  be  required  to 
stiind  off  between  and  2  kilovolts  p'u  eeniimeter,  dependiiur  on  the  configuration  of 
the  I'.ML  system.  A  value  of  1.0  kV/cm  is  tlte  most  jirobiihlc  requirement  for  future  gun 
designs  i'or  the  purj’oses  o!  tins  development  program,  liowcvcr,  we  shall  ciiousc  the 
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upper  limit  of  2  kV/cm  as  our  property  goal.  At  least  one-hundred  shots  should  be 
achievable  at  this  level  without  the  need  for  cleaning  or  honing  of  the  bore,  so  the  insulator 
must  retain  this  resistance  after  1(X)  arc  exposures. 

Based  on  all  of  the  preceding  analyses,  the  properties  which  will  be  required  of  a 
bore  insulator  in  the  next  generation  of  electromagnetic  launchers  are  summarized  in  Table 
4,1. 


TABLE  4.1  —  Summary  of  Bore  Insulator  Property  Requirements 


Properly 

Required  Value 

Mechanical 

Flexural  Strength  (Modulus  of 

50  kpsi  (345  MPa)  (for  a  probability  of 

Rupture) 

failure  of  0.1%) 

Fracture  Toughness 

5,0  kpsinn’'^  (5  5  MPa^m''^) 

Elastic  Modulus 

45Mpsi(3lOGPa) 

Electrical 

Surface  Voltage  Standoff 

2.0  kV/cm  for  plasma  armatures 

after  100  arc  pulses 

0.5  kV/cm  for  solid  armatures 

Processing 

Producibility 

Can  be  fabricated  to  2.5  in.  (6.4  cm) 
thick  by  20  in,  (0.5  m)  long  forms  while 
retaining  above  properties. 

4.2  Conductor  Rails 

A  detailed  thermal  m()dcl  was  dcvelo|K*d  for  the  conductor  rail  materials  to  evaluate 
their  key  thermal  properties  such  as  specific  heat,  thermal  conductivity  and  latent  heat. 
The  model  is  a  coupled  electrical  and  thermal  diffusion  model  that  can  account  for  phase 
change  in  the  material.  The  initial  validation  test  cases  were  made  for  the  reference  barrel 
configuration  (figuie  3.2)  using  two  different  electrical  current  ramp  rates.  Figure  4.1 1 
illustrates  that  localized  melting  wcurring  in  the  corner  region  increases  as  the  electrical 
ramp  time  decreases  (as  would  he  the  ease  in  fast  moving  plasma  armature  ).  The  trade-off 
between  the  heat  capacity  (both  .sensible  and  la.tentj  of  the  rail  material  and  the  effect  on 
the  current  diffusion  tinv  must  be  properly  eharaetcrized  in  order  to  effectively  select  the 
itppropriate  maicriiil  requirements. 

The  results  of  a  second  sensitivity  tradc-ol  i  .study  is  also  shown  in  Figure  4, 12.  This 
shows  the  tradeoff  of  rail  eleciriettl  conductivity  with  overall  gun  efficiency.  As  the 
conductivity  decreases,  a  larger  fraction  of  energy  will  be  depositetl  as  Joule  heat  in  the 
rail.  Higher  rail  icmixTatures  coupled  with  the  incretisc  in  resistance  with  temperature 
both  detract  trom  the  energy  imparted  to  the  projectile.  As  ;i  result,  the  overall  gun  effi¬ 
ciency  dro[is,  figure  4.12  illustrates  lor  diifcrciii  starring  point  gun  efficiencies  the 
trade-off  of  cfficic lies  witli  cunuuciiv  iiy.  M.ucriais  with  an  aggiomcraic  rail  conuuctiviiy 
of  greater  than  appro.ximaiel y  (liVi  ).A,('..S.  are  desired,  at  least  lor  the  simple  breech  led 
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Figure  4.11  •  Thermal  model  of  rail  showing  localized  melting  on  the  rail  corners 
during  the  electrical  pulse. 
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Figure  4. 12  ■  Sensitivity  Irade-ofl  ot  the  overall  CML  elhcicncy  to  mil  conductivity 
(%I.A.C.S.). 
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railgun  which  was  modeled.  The  acronym  “I.A.C.S.”  stands  for  International  Annealed 
Copper  Standard,  1(X)%  I.A.C.S.  is  defined  as  1.7241  |I^2-cm,  approximately  the  electrical 
resistivity  of  pure  copper.  Thus,  60%  I.A.C.S.  is  60%  of  the  conductivity  of  pure  copper. 

A  detailed  thermal  analysis  was  developed  for  a  peak  linear  current  density  of  400 
kA/cm  to  evaluate  the  effects  of  cladding  material  properties  (i.e.  ablation  resistance  and 
electrical  conductivities)  on  the  interface  temperatures  of  the  cladding  and  rail  conductors. 
The  applied  current  history  and  the  initial  surface  current  distribution  are  shown  in  Figure 
4.13.  High  ablation  resistant  cladding  materials  such  as  refractory  metals  and  graphite 
coatings  reduce  the  ablation  damage.^'"''^'”*’'’  However,  lower  electrical  conductivity 
also  increases  the  current  penetration  rate  and  causes  a  current  concentration  at  the  clad¬ 
ding/conductor  interface.  Figure  4.14  illustrates  the  initial  results  of  this  trade-off  study. 
As  the  electrical  conductivity  (%  I.A.C.S.)  of  the  cladding  is  reduced,  the  potential  for 
meliitig  of  the  rail  conductor  at  the  cladding/conductor  interface  is  increased,  as  shown. 


CURRENT  TRAJECTORY 
PEAK  CURRENT  1.6  WA 

rail  linear  current 

DENSITY  40  kA/cm 


BASELINE  RAIL  GEOMETRY 
BORE  DIAMETER  5  CM 
RAIL  MATERIAL  cU 


INITIAL  SURFACE  CURRENT 
DISTRIBUTION  profile 


Figure  4.13  Thermal  /  electrical  current  dilfusion  analysis  for  EML  rails 
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Figure  4.14  evaluation  trade-off  between  rail  cladding  thermal  and  electrical 
properties  and  the  cladding/rail  substrate  temperature. 


5.0 


MATERIALS  DESIGN, 
FABRICATION  AND  SCREENING 


At  the  start  of  the  program,  a  large  number  of  advat  ;ed  ceramics  producers  was 
contacted  regarding  their  recon  mendations  for  systems  to  be  investigated  that  might  have 
the  potential  to  meet  tlic  requirements  listed  in  'fable  4,1,  These  recommendations  were 
combined  with  ;i  review  of  the  literature  and  with  SPAH  I'A’s  own  knowledge  ol  both 
advanced  ceramics  and  of  railgiin  needs  to  arrive  ai  a  number  of  ceratnic  systetns  and 
chemical  compositions  to  be  investigated  and  ceramic  vendors  to  work  with,  Work  began 
on  the  development  of  ceramic  prototype  panels  to  provide  material  lor  screening  tests  in 
order  to  select  the  materials  thiit  would  be  scaled  up  hiter  in  the  program. 

The  ceramics  mtiniifacturer  (lercom,  Inc,  of  Vista,  ('alilornia  w'as  chosen  to  fabricate 
ceramic  panels  by  hot-pressing,  Iti  the  case  of  composite  compositions.  (Vrcom  W'tis  alst* 
responsible  for  blending  reinforcements  such  a.s  silicon  c.iibide  whiskers  w'ith  the  ceramic 
powders,  and  then  filling  the  tnokis  with  these  mi.\tures  before  hot-pressing,  (Vrcom  pro 
vided  valuable  advice  in  selecting  ceramic  compositions  and  in  recoinmeiuling  sintering  iind 
other  prtK'essing  aids  to  be  added  to  the  ceramic  powder  rormtilaiions, 


5.1  Advanced  Ceramic  insulator  Design  Approach 


'fhe  ;ip[iroach  tliai  was  taken  to  fdrrintlaie  ailvtmced  ceramic  itisulaior  materials  in 
this  program  w;is  it.'  begin  on  the  tnicrostruclural  level,  and  using  the  princi|tles  ol  inodern 
materials  science,  design  a  material  in  tlie  sanic  way  that  a  inechanical  engineer  would 
design  a  machine.  We  will  ctill  this  mierostrticiural  tailoring  i sometimes  ealleil  miciti 
arcliitectural  (.lesigiig  .Shown  in  'l  able  .‘s.l  is  a  summary  ol  the  possible  design  metliods 
available  for  the  niicrosiruclural  tailoring  of  advtineed  ceramic  composite  materials  to 
meet  the  meetianieal  and  electrical  requirements  oi  high-energy  riiilgiins,  We  tilib/'eil 
these  technicjiies  to  design  several  different  ceramie  materials.  (Jn  the  iesel  ol  ctysial 
structure,  techniques  ol  solid  soliiiioii  sirengthenini;  were  used  to  coiuliine  nidleeules  in 
optimum  ratios,  (Jn  llie  mieiosliiicUiral  level,  glass}  pliase  MiilLimg  aids  weie  used  in 
assure  high  ileiisity  and  ma.simuni  iitlergi.iiiiilai  adliesinii,  (Jii  the  iiiicinmcs  li.iiiics  level, 
whisker  reiiilnrccineiil  w.is  used  m  inciease  inughiies'.,  tin  the  leseinl  llieiiiindsn.iiiiics, 
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plusnias,  All  of  tlicsc  aspects  were  successfully  iiiicgraied  into  a  materials  system  design 
approach  with  the  goal  of  satisfying  all  of  the  property  goals  discussed  in  Chapter  4,  Some 
of  the  techniques  mentione  J  in  Table  5,1  arc  described  in  more  detail  below, 

Choirc  oj  Matrix  Material  ■  Alumina  (AI.O,),  silicotj  nitride  (Si,N4)  and  silicon 
carbide  (SiC)  arc  the  mostly  widely  used  advanced  ceramic  structural  materials  utilized 
today  and  thus  have  a  large  cx|wricncc  base  and  supplier  base  for  raw  materials.  Unfor¬ 
tunately,  it  has  been  shown  that  the  conductivity  of  silicon  carbide  is  uh)  high  to  provide 
siifficicn!  electrical  insulation,  so  it  cannot  be  considered  utilcss  heavily  loaded  with  an 
additive  that  destroys  the  ctmduciivity  of  the  SiC,  such  as  mullitc,  Another  matrix  material 
of  interest  is  aluminum  nitride  (AIN)  which  is  increasingly  being  u.scd  because  of  it’s  high 
thermal  conductivity.  Zirconia  is  also  gaining  in  importance,  usually  used  in  a  stabilized 
or  translonnation  toughened  I'  lm  oi  ini'  i  ssiih  alumina,  llowever,  previous  wruk  has 
shown  that  ccriimics  with  over  alunit  lO'/i  /iiconia  decompose  in  the  presence  of  a  high 
power  arc  t(>  leave  a  lilm  ol  zirconiutn  metal  on  the  surface;  whicli  i<  unaccepi.il'le  (oi 
radgun  insulaioi  use. 

During  this  progt.iin,  the  maiiu  mateiials  Aid.),.  ,Si,N*.  AIN,  and  Zt<J,,  were 
invcMigaicd  as  poleniial  m.iiiix  iiiaieiials  llowevci.  the  AIN  ,iiid  ZtO,  weic  i|iiicklv 
di(>ppe(i  Iroih  coiisideiaiion  bei  a  use  the  decoiupi>siii()n  piot'lcin  inheteiil  ss  iili  them  1  .,'iic 
111  the  piogiam,  the  iiiauis  iiialcrials  were  down  selected  biiscd  oii  then  excellenl 
coinhinaiion  ol  uuiglincss,  sirengiii,  and  '.'Icciiical  propciiies,  'I  lie  Si.N^  matrix  miiierials 
also  possessed  cKcellem  (iR’cliauIca!  jiiopenies,  biu.  iheii  eleciiica!  pioperiics  weie  onl\ 
fiiargiiial  lot  laiigiiii  use. 

.Snltd  Snluiinii  Sih'iiiitlii'niH};  ■  'I  lie  oiilv  solid  soluiioii  siiciigilieiiei  coiisideied  lot 
the  inatiises  ol  inieiesi  is  iliKniua  (( i^.t ),)  u'  an  additive  tit  aliiiiiiiia  It  lias  hecn  shown 
to  be  cllective  in  niiHleraU’  amouiiis  (less  than  15'/;  by  wrigliii  in  inueasing  the  siiengili 
ol  aluiiiiiia  1  tie  addilioii  ol  the  iluoim.i  to  the  aluinin.’i  in.iiiis  vlid  not  lomiuoMiisc  its 
inectiaiiu  a|  piopeilH's  (Inwiuie  lougliness  ui  siiengih)  ,'Uid  leiiiled  to  la/se  ilie  Wcibull 
Mihjulus  values.  I  he  majoi  iiiies|H'(  ied  Iteiiclil  lloui  the  addilioii  ol  v  liloiiiia,  liowevci. 
vs  as  I II ij 'loved  sui  I .k  c  s  uI lage  si.indi  il I  sii luietli  I  he  cho  m mi.i  at  !e  J  h  >  suibili  /r  tljtj  ^(ijj 
siiliieiils  ol  ilie  Iin,|l  .iliiioiii.i  s oiiiiuimIioii.  /NM),  H,()/i<)^,  ()  2.5Vd),  ‘i.OCi  d),.  lo  pievciil 
the  lonii!ilii I/I  ol  suiIiKr  Liiiiduciise  s|iecics  m  the  |Mc»eiKe  ol  liigli  eiicigv  cleciiic  ;ucs, 

(ifilin  Si'i  /\'('/iiiiny  •  As  iiieiiiM Hied  in  'I  able  .5, 1  iliis  i  an  be  ai  i  ('iiijilislied  by  iliiee 
dilleieni  !cijmii|iic  0  j:i,iiii  [loiiiidaiy  |iinning,  iiiiniiiii/.nion  o|  coiisoliil.ilioii  leiii|".'ialuie 
and  nine,  and  tlie  ii-.e  ol  line  si.iriiii)'  powdeis  I  oi  ilie  nialiiscs  ol  |iiiiii,iis  inleiesi  ,i|l 
lliiee  leLliniijiies  tan  he  uiili/eil  liei.iiinii  oj  i (insoli'l.inon  ieiii|ii  i ,iiuies/|'ie'.stues/iiiiies 
(lie  olleii  neie'is,u;i  lo  ileiei imiie  vvli.ii  |iori'smiij'  eoiitlilioii'  will  di.'loei  lull  di'iiMlv 
vsillunii  L  .iiiMiig  e sv essis e  gi iiiii  jU"'.', ih  I'lii  i.i  i  V  ( i, >  ,iih1  /neoiii.i  i z'i< )  i  .iie  u-.ed  Im 
aluiiiina,  and  viliiii  .iiid  aluiMiii.i  h'l  silii'ch  nniiile  ,is  gi.iiii  hiiuiid.iis  I'li.oes  ih.ii  led'ice 

gi.iiii  size. 
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A  review  of  ihe  scieniific  literature  on  advanced  structural  ceramics  revealed  that  a 
10  micron  (0.(XX)4  in,)  or  smaller  average  grain  size  would  be  necessary  to  produce  the 
mechanical  properties  desired  for  the  railgun  insulator  ceramic.  However,  this  small  grain 
size  would  have  to  be  reached  without  compromising  the  density  of  the  ceramic  material. 
In  order  to  achieve  smaller  grain  sizes,  the  processing  temperatures  must  be  reduced.  This 
can  often  lead  to  less  dense  materials.  Thus,  a  compromi.se  between  processing  parameters 
(temperature  and  time),  glassy  grain  boundary  phase  formers,  and  grain  size  was  reached 
through  iterative  development. 


Table  5.1  Microstructural  Tailoring  Techniques  Utilized  In  Design  of  Advanced 

Ceramic  Insulator  Materials 


TECHNIQUE 

GOAL 

COMMENTS 

Matrix  Composi¬ 
tion  Selaction 

Determine  Matrix  Chemical  Com¬ 
position  With  Potential  to  Meet 
Requirements  When  Adequately 
Tailored 

Oxides,  Nitrides  and  Carbides  are 
Viable  Systems 

Solid  Solution 
Stronglhoning 

Improve  Strength  ot  Material 

Too  Much  Can  Reduce  Fracture 
Toughness;  Solubility  of  Additive 
is  Important 

Gram  Size  Rolin 
ing 

Reduce  Grain  Size  to  Improve 
Sirongih  and  Toughness 

Accomplished  Through  Gram 
Boundary  Pinning  Materials,  Mini¬ 
mization  of  Consolidation  Tem¬ 
perature  /Time,  and  Fine  Starting 
Powders 

Glansy  Phase  Sin¬ 
tering  Aids 

Reduce  Consolidation  Tempera¬ 
ture  Through  Use  o(  Lo-^or  Tone 
poraturo  Grain  Boundary  Phases 

Glassy  Compounds  (Yttria,  Alu¬ 
mina,  and  Zirconia  Compounds) 
Frequently  Used,  Care  Must  be 

T  aken  Not  to  Decrease  Tough¬ 
ness,  Full  Density  Desirable 

Wlii&Kur/Piaiuiel 

Heinlorconieril 

Oplimi/e  loughness'Strength  ol 
Maluriril  Through  Addition  ol 
Appropriate  Reifilorcemoiit 

Reinforcement  Must  Be  Compat¬ 
ible  With  Matrix  at  Consolidation 
Temperature,  Proper  Amount  of 
Bonding  to  Matrix  Is  Vital 

Sorund  Phase 
Slrenglliening 

Creation  ol  Second  Phase  at  Gram 
Boundaries  Can  Strongihen/Toug- 
hon  Material 

Same  Glassy  Grain  Boundary 
Phases  As  Above 

Cofitinuous  1  ih'jr 
(tuinlorceniffil 

1  ligh  T  ernperalure  Continuous 
Cer.arnic  FThers  Gan  Strength 
eri  Toughen  Ceramics 

Beyond  Ihe  State-of-tho  Ar1  for 
the  Sizes  and  Properties  Needed 

I  fan‘.,(0'rnatioii 
lougheiiiiiy 

Toughun  tlie  M.ilrix  by  -a  I'haso 
Tianslormalion  to  Pul  Sliucture  in 
Compriission 

Only  Used  in  Zirconia  Based  Sys¬ 
tems 

Glassy  Phase  Sintering  Aids  -  Without  the  use  of  these  materials,  it  would  be  nec¬ 
essary  to  consolidate  alumina  and  silicon  nitride  matrix  materials  at  such  a  high  temper¬ 
ature  that  excessive  grain  growth  would  occur.  Thus  the  same  materials  that  help  pin  the 
grain  boundaries  (described  above)  also  act  to  form  a  glassy  grain  boundary  phase  that 
initially  melts  and  flows  to  fill  the  intergranular  spaces,  and  then  solidifies  as  diffusion 
occurs.  This  action  serves  to  promote  low  porosity  and  good  intergranular  bonding.  The 
materials  used  are  called  “sintering  aids”,  but  they  work  equally  well  with  hot  pressing 
(“sintering”  usually  refers  to  a  pressureless  prtKiess).  In  this  program,  zirconia  and  yttria 
were  added  to  the  alumina  (AI2O3)  matrix  as  sintering  aids,  and  yttria  and  alumina  were 
added  to  the  silicon  nitride  (Si3N4)  as  sintering  aids. 

WhiskerlPlatelet  Reinforcement  -  The  term  whisker,  as  used  in  this  report,  refers  to 
an  acicular  (needle-shaped),  microscopic  single  crystal  of  a  high-strength,  high-modulus 
ceramic  material.  Silicon  carbide  is  the  most  widely  used  reinforcing  whisker,  but 
whiskers  of  aluminum  oxide,  titanium  nitride,  and  boron  carbide  are  also  available.  All 
of  these  materials  are  in  the  size  range  of  ()..'>  to  2  microns  in  diameter  and  10  to  KX)  microns 
in  length  (25.4  microns  equal  ().(X)1  inch).  Being  single  crystals,  these  materials  tend  to 
be  exceedingly  strong  since  they  lack  the  .strength-limiting  defects  that  are  nomially 
present  in  bulk  materials  such  as  voids,  inclusions,  and  grain  boundaries. 

Reinforcement  with  silicon  carbide  whiskers  is  probably  the  single  most  effective 
strengthening  and  toughening  mechanism  for  ceramic  materials.  It  has  been  demonstrated 
that  a  whisker  addition  of  20  v/o  can  nearly  double  the  fracture  toughness  and  quadruple 
the  flexural  strength  of  hot-pressed  alumina  materials  compared  to  their  unreinforced 
counterparts.'^  There  arc  five  diffeiciii  mechanisms  by  which  whisker  reinforcement  may 
increase  the  strength  or  toughness  {or  both)  of  a  ceramic  material:"’ 

1 .  Load  Transfer  -  High  modulu.s/strength  of  whisker  can  carry  load 

2.  Matrix  Prestressing  -  If  Coefficient  of  thermal  expansion  is  greater  than 
that  of  matrix,  the  matrix  will  be  put  into  compression  during  cooling 
from  consolidation  temperature 

3.  Crack  Deflection  -  Stress  state  around  whisker  can  blunt  i. or 
increase  work  of  fracture. 

4.  Fiber  Pullout  -  If  fiber/matrix  bond  is  relatively  weak,  energy  can  be 
absorbed  in  fiber  pullout,  increasing  toughness 

5.  Crack  Bridging  -  Fibers  may  bridge  cracks  and  raise  threshold  stress  for 
further  crack  extension 

Of  these  five  mechanisms,  fiber  pull-out  is  mo.st  frequently  credited  with  toughness 
improvement  in  ceramic  materials.  Load  tran.sfer  is  the  primar,'  mechanism  for  providing 
strength  improvement.  Both  of  these  phenomena  can  occur  together  providing  that  the 
shear  strength  of  the  whisker/matrix  interface  is  within  a  certain  range,  'riuis  the  con- 
solidaticin  temperauire/time  must  be  compatible  with  the  whisker  in  order  'o  p.'-oducc  an 
idetil  amount  of  whisker/matrix  bonding. 
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riaickts  can  also  be  utilized,  though  they  are  usually  not  as  effective  as  whiskers 
because  of  the  whisker’s  geometry  and  mechanical  properties.  The  electrical  properties 
of  the  reinforcement  material  must  also  be  taken  into  consideration  as  too  much  SiC  added 
to  a  ceramic  will  unacceptably  increase  the  material’s  conductivity. 

During  the  course  of  the  program,  both  whiskers  and  platelets  were  utilized.  The 
whiskers  (two  different  grades  were  investigated)  were  added  to  AljOj,  Si,N4  and  AIN 
matrices,  and  the  platelets  were  added  to  AIN  and  the  AUOj.  It  was  quickly  seen  that  the 
platelets  were  too  large  in  size,  and  acted  as  crack  initiators,  destroying  the  toughness  and 
strength  of  the  matrix  material.  The  whisker  reinforcements  worked  well  if  kept  below 
about  20%,  producing  significant  increases  in  toughness.  Above  this,  they  would 
decompose  under  the  arc  exposure  and  lose  their  surface  voltage  holdoff  strength.  The 
whisker  effects  on  the  alumina  mechanical  properties  were  not  as  pronounced  as  on  the 
Si3N,,,  and  because  of  their  effect  on  the  electrical  properties,  even  at  lower  loadings,  they 
were  dropped  from  consideration  for  the  alumina  matrix  material.  The  AIN  and  silicon 
nitride  materials  were  eventually  dropped  because  of  their  electrical  properties.  However, 
for  certain  railguns,  the  use  of  silicon  nitride  can  probably  be  tolerated,  and  in  that  case, 
the  u.se  of  .SiC  whisker  reinforced  silicon  nitride  would  be  beneficial. 

Second  Phase  S!rcn)>ihcning  -  Ceramics  can  be  strengthened  by  the  addition  of  a 
material  to  the  matrix  that  promotes  the  fomiation  of  second  phases  in  the  microstructure 
that  act  to  stabilize  the  structure  and  create  residual  compressive  loads,  which  raise  the 
strength  and  toughness  of  the  material.  The  same  additive  materials  that  promote  glassy 
grain  boundary  structures  and  reduce  grain  size  act  as  .second  phase  strengthening  agents. 

Continuous  Fiber  Reinforcement  -  Much  effort  is  underway  to  develop  continuous 
fiber  reinforced  ceramic  materials.  Because  of  the  ihennal  limitations  of  existing  fibers, 
the  choice  of  matrices  is  rather  limited.  Much  work  has  been  done  with  glass-ceramic 
matrices,  which  are  processed  as  low  temperature  glas.ses  and  then  turn  to  high  temperature 
ceramic  during  the  later  stages  of  the  proce.ssing.  However,  the  current  state-of-the-art  for 
continuous  fiber  reinforced  ceratnics  is  far  short  of  what  is  needed  to  developed  lull  scale 
advanced  ceramic  insulator  segments  for  railguns,  and  none  w'ere  investigated  in  the 
program. 

Transformation  Tou^heniny,  -  Transformation  toughening  is  a  process  where  a  crack 
front  will  cause  a  phase  transfonnation  which  results  in  a  local  volume  expansion,  thus 
putting  the  material  ahead  of  the  crack  tip  into  compression,  and  blunting  the  crack. 
Unfortunately,  this  mechanism  only  occurs  in  zirconia,  among  the  matrix  materials  of 
interest  and,  as  mentioned  previously,  zirconia  cannot  be  considered  a  cantlidate  materitil 
because  of  it’s  jioor  electrical  behavior  in  the  presence  of  an  arc.  'I’luis,  trtinsloniiation 
toughening  as  ;i  micro-architectural  ttiiloring  method  was  not  in\ estigated. 
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5.2  Fabrication  of  Ceramic  insulator  Materials 

The  first  panels  fabricated  in  the  program  were  6  x  6  x  0.25  in.  (15  x  15  x  0.64  cm) 
in  size.  The  as-pressed  thickness  was  actually  0.375  in.  (0.95  cm),  but  they  were  ground 
down  to  0.25  in.  (0.64  cm)  before  testing  to  remove  surface  flaws.  As  many  a.s  eight  panels 
of  this  size  could  be  consolidated  in  one  hot-pressing  run.  Later  in  the  program,  numerous 
eight  inch  (20  cm)  square  panels,  two  1 .5  x  4  x  8  inch  (3.8  x  1 0  x  20  cm),  and  one  1.5x4 
X  18  inch  (3.8  x  10  x  46  cm)  blocks  were  produced.  This  chapter  will  describe  the 
fabrication  of  a  variety  of  ceramic  compositions  for  use  as  railgun  insulator  materials.  It 
will  also  describe  the  preliminary  mechanical  testing  that  was  performed  on  these  panels 
to  screen  out  those  ceramic  compositions  with  obviously  inferior  mechanical  properties. 

The  first  of  five  hot-pressing  consolidation  runs  was  designed  to  establish  the  process 
feasibility  for  producing  high  stiffness,  high  fracture  toughness  ceramic  insulators  and 
conductors.  The  materials  shown  in  Table  5.2  were  consolidated  at  35(K)  psi  (24. 1  MPa) 
and  1 35()°C  (2462°F)  for  4  hr.  The  purpo.se  of  the  initial  run  was  to  establish  the  feasibility 
of  relatively  low  temperature  processing  that  would  be  compatible  with  SiC  whisker  or 
platelet  reinforcement.  Density  values  of  the  diborides  were  between  65  to  75%  of  their 
theoretical  density  and  tho.se  of  the  Al-ba.sed  ceramics  were  80  to  90% .  The.se  low  densities 
indicated  the  need  for  higher  processing  temperatures. 


Table  5.2  •  Ceramics  Consolidated  in  the  First  Hot  Press  Run 


Matrix 

Reintorcement 

Conductor  Ceramics 

ZrBj 

TiR. 

_ 

TIB, 

SiC„ 

Insulator  Ceramics 

A!N 

__  j 

AIN  +  YjOa 

1 

AbO^-YjOa-ZrO, 

-  _ 1 

The  panels  consolidated  in  Hot  Press  Run  #1  weie  sliced  up  using  a  diamond  saw  to 
prcxlucc  two  .Strips  2.0  x  0.5  x  0.25  in,  (5. 1  x  1.3  x  0.64  cm)  from  each  of  the  seven  plates. 
Metallography  specimens  from  each  of  the  plates  were  prepared  in  order  to  examine  the 
microstructure  (pore  structure,  voids,  etc.).  The  results  from  this  run  were  u.sed  to  select 
processing  condition;;  (time,  pressure,  temperature)  foi  the  next  s^t  of  runs,  #2  and  #3. 
'I'he  compositions  of  each  panel  and  their  final  densities  are  listed  in  Table  5. .3. 


TABLE  5.3  -  Panels  Consolidated  in  Runs  it2  and  #3 


Composition' 

Density  (g/cc) 

%of 

Measured/ 

Theoretical 

Calculated 

Density 

Run  #2 

a 

SiaN*  - 10%  SiC« 

3.271  /  3.290 

99.4 

b 

Si3N4-  10%SiC,. 

3.271  /  3.290 

99.4 

c 

Si3N4  -  8%  Y2O3  -  1  %  AljOa 

3.282/3.30 

99.5 

d 

Si3N4-8%Y203-  1%Al203 

3.289  /  3/30 

99.7 

e 

AIN  -  0.4  Y203 

3.271  /  3.294 

99.3 

f 

AIN  -  0.4  YjOa 

3.274  /  3.294 

99.4 

g 

SIC  -  30  v/o  Mullite 

3.033/3  188 

95.1 

h 

Si3N4  -  30  V/O  Mullite 

3.077/3.250 

94.7 

Run  #3 

i 

AIN  -  0.47oY2O3  -  25v/o  SiC* 

3.248  /  3.273 

99.2 

j 

AljOj  -  0.25%Y203  -  8%Zr02 

4.076/ 

k 

AljOj  -  0.25%Y203  -  8%ZfOj 

4.061  / 

1 

AtjOj  -  0,25%Y203  -  8%ZfOj  - 
5%Cr03 

3.990/ 

m 

AljOa  -  0,25%Y203  -  8%Zr02  - 
5%Cr03 

3.948  / 

*  All  valuob  are  in  weight  percent  untess  designated  by  “v/o"  {volume  percent) 


Six  consolidated  panels  frorvi  hot  pressing  runs  #2  and  #3  were  selected  to  be  cut  into 
mtxlulus  of  rupture  (MORj  bars,  arc  erosion  test  specimens,  fracture  toughness  test 
specimens,  rail  test  specimens,  and  metallography  specimens,  I'he  cutting  pattern  used  to 
make  the  various  kinds  of  test  coupons  from  the  panels  is  shown  in  Figure  5.1, 


Figure  5. 1  Culling  map  lor  consolicJalod  6x6  inch  advanced  ceramic  panels.  1) 

Rail  losi  specimen  (6  x  1  x  0.25  in.)  2)  Arc  lest  specimen.^  (2  x  1  x 
0  25  aij.  3)  f  i/H.iiJie  tuugiiness  coupons  (0  2l7t>  x  U.3/5  x  0.250 
III )  4)  MOR  bars  (3  x  4  x  50  mm).  7  ho  MOR  bars  were  also  used 
lor  melallography  alter  toshng 

'I  lu'  laijii'l  I'lX'SMfi):  tcMijicratiiiv  was  (nrrshoi  by  apprcxlinatuly  ](K)  to  l.SOC”  for 
II  II},,  as  t-vidciiLOi!  by  dt'iuliilK'  "lava”  .stnicuia's  visibly-  on  ibc  suilaci.  of  tlic  piiiicls. 
I  III'  paiii'ls  wriL'  ilistai liv'd,  and  luii  //d  was  jni-ssi/il  al  a  lalvr  tialv  usinp  all  ihv  saniv 
coiisiiiui'iils  'I  liv  avciapr  iikkIuIus  oI  nipunv  values  lor  the  malerials  produced  in  run  112 
•lie  liMed  III  'I  able  .‘i.-l, 

I  he  liav  Uiie  lourliness  speeiinens  weie  seiil  lo  leiraiels  Sv  sleins  in  .Sail  i.ake  (  ily, 
I  lali  loi  k  si  I  he  au  |■Ioslol'l/lhe^m.d  shock  lesi  saiiij/les  (iwo  from  each  plale)  were  setil 
lo  '!e\as  'lech  I'niveisiiy  foi  lesiiiip  (ileseribed  in  Seeiion  6.2).  'I'lie  nielalloLMaphy 
spei  inieir.  weie  monnletl  anil  |>olislieil  lo  reveal  ilie  iiiieiosu  uclure  ol  'die  eonsolidaied 
in.ilei  nils 

In  Juls  ol  i  so  nioiv  seis  ol  p.inels  vseie  tiol  piessed.  )  he  liisl  luii  llhli  was  a 

!■  |icai  ol  inn  n}  lioin  M.i',  l‘ky\.  wliii  li  o'. ei hi'.iled  I  able  S.S  lols  die  conipoolions  ol 
llie  |i.niels  juessfd  in  ihese  i  un  ,  .ind  iheii  'esulliii'.-  densilie 
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TABLE  5.4  -  Modulus  of  Rupture  Results  from  Run  #2 


Material 

MOR  Strength  (kpsi 

(MPa)) 

SijNj  +  10  v/o  SiCw 

97.0 

(669) 

104.0 

(718) 

d. 

SiaN,  +  8w/0  YjOa  +  1  W/0  Al^Oa 

109.7 

(757) 

106.6 

(736) 

t. 

AIN  +  0.4W/O  Y2O3 

43.4 

(299) 

40.0 

(276) 

g- 

SIC  +  30  v/o  Mullite 

53.8 

(371) 

56.2 

(388) 

h. 

SiaNi  +  30  v/o  Mullite 

63.0 

(435) 

55.2 

(381) 

i. 

AIN  +  25  v/o  SiC^  +  0.4  Y^Oj 

67.6 

(466) 

65.8 

(454) 

TABLE  5.5  ■  Panels  Consolidated  in  Runs  #4  and  #5 


Composition  Density  (g/cc)  %  ot 

Measured/  Theoietical 

Calculated  Density 

Run  #4 


AiPj  -  0.25  y,Q,  -  8  7rO;, 

4.090/4.127 

99.1 

AI2O3  •  0.25  Y2O3  ■  8  ZrO^  • 

4.127/4.127 

100.0 

5Cr203 

AI,O3-0.25Y2O..,-8  2rO,/ 

3.765/3.815 

98.7 

30v/oSiC.v 

AI2O3-O.25  YA  -  8  ZrO,.  / 

3  799  /  3.8G5 

98.3 

25V/0  SiC  piatelets 

AIN  -  0.25  Y-,0-j  -  25  SI3N.; 

—  /  — 

approx;  76% 

F^un  #5 

AIN  -  6  Y2C3 

:  '-05/3.30 

102 

AIN  -  6  YjOj  -  25  SbN^ 

3  o5l  /  3  27 

102.5 

AIN  -  0  4  Y;,0:,  /  25V/0  SiC, 

3  249  /  3.273 

99.3 
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The  processing  temperature  used  in  hot  press  run  #4  was  too  low  to  consolidate  the 
AIN  -  0.25  Y2O,  -  25  Si3N4  material  so  it  was  repressed  in  Run  #5  with  a  higher  percentage 
of  yttria  (6%  versus  0.25%).  This  greatly  improved  the  densification.  Two  of  the  density 
values  for  materials  consolidated  in  Run  #5  are  slightly  greater  than  100%  calculated 
density.  This  is  because  it  was  not  possible  to  make  an  accurate  prediction  of  theoretical 
density  due  to  lack  of  data  on  these  compositions.  Modulus  of  rupture  strengths  were 
measured  for  the  panels  from  runs  4  and  5  and  are  presented  in  Table  5.6.  The  relatively 
high  quality  of  the  panels  is  reflected  by  the  narrow  spread  in  MOR  vaJue.s,  given  that  they 
were  cut  from  opposite  corners  of  the  relatively  large  panels. 

TABLE  5.6  •  Modulus  of  Rupture  Results  from 
Hot-Pressing  Runs  #4  &  5 


Material '  MOR  Strength  kpsi  (MPa) 


SiC  -  30  v/o  Mullite 

53.8  (371; 
56  2  (387) 

AIN  -  0.4  YpOj 

43.4  (299) 
40.0  (276) 

SI3N4  -  6  Y;.0.3  -  t  Al.,03 

109.7(756) 

106.6(735) 

AIN  -  0.4  y.fi.j  -  25  v/o  SiC« 

67,6(466) 
65.3  (454)' 

Si-jN,,  •  30  v/o  Mullite 

63.0  (434) 
55.2  (381) 

SijN^-SY^Oi-l  AIA-IO  v/o  SiC« 

97.0  (669) 
104.0  (717) 

AljOi-O.SSYPa-SZrO^ 

69.4  (616) 
96.3  (664) 

AbOj-O  ?5Y;03-8Zr02-5Crp., 

97.3  (671) 
90.0(621) 

AiPa  0.26Y^03-8ZrO;,-30v/oniC„ 

74.8  (516) 

79.9  (551) 

AhO-.-O.ZSY^Oi-eZrO^-ZSv/oSiC,,, 

36.7  (253; 
39.0  (269) 

AIN-eYpO.j-ZSSijN^ 

56.1  (387) 
'9,8  (343) 

S:3N4-8Yj03-1AL03-5SiC, 

123  5 (852) 
•>24,3  (857) 

Si3N,-8Y,0,-1AI,0yl5oiC„ 

11  3  4  (782) 
-16  5  (803) 

‘  All  compositions  given  in  weigni  percent  unless  'therwise  staled 
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As  the  values  in  this  table  show,  the  Si^N^  and  A1,0,  based  materials  have  the  highest 
modulus  of  rupture  (MOR)  values.  The  AIN  ba.sed  materials,  with  or  without  rcinforce- 
ment.  are  lower  in  strength.  The  only  material  that  do<;s  not  follow  this  trend  is  the  SiC 
platelet  reinforced  AljO,  material  in  which  the  recently  developed  platelets  were  so  large 
that  they  acted  as  stress  ri.sers  and  led  to  failure  at  low  levels  of  flexure. 

Three  of  these  materials  were  selected  for  the  fabrication  of  additional  MOR  test  bars. 
This  was  in  order  to  provide  enough  values  to  determine  their  Weibull  modulus.  The 
values  measured  are  reported  in  Table  3.7  and  plotted  in  the  standard  Weibull  statistics 
form  in  Figure  ,3  2.  h  is  generally  accepted  that  a  minimum  of  12  test  bars  is  necessary 
for  a  valid  Weibull  mtxiulus  determination.  1  lowevcr,  insufficient  material  was  available 
for  this  number,  thus,  the  Weibull  curves  show-n  are  for  comparison  only.  It  is  seen  that 
both  the  silicon  nitride  and  silicon  carbide  whisker  reinforced  aluminum  nitride  materials 
meet  the  goal  30  kpsi  (.^43  MPa)  strength  fora  failure  probability  level  of  O.OOl  (i.e.  09.9'/f 
reliability). 
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Log  P  =  m  Leg  o  -  ni  Log  a. 
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Figure  5.2  Determination  of  candidate  ceramic  allowable  design  stresses  utilizing  Weibull  statistics. 


As  seen  in  Figure  5.2  the  allowable  design  strengths  are  indicated  by  the  point  where 
the  Weibull  modulus  slopes  cross  the  Probability  of  Failure  line  at  0.(X)1  (99,9%  reli¬ 
ability).  The.se  design  allowable  strengths  of  43  kpsi  (296  MPa),  51  kpsi  (352  MPa),  and 
69  kpsi  (476  MPa)  are  respectively  77,  67,  and  67%  of  the  average  values  taken  from 
Table  5.7.  I’hus,  the  three  materials  tested  who.se  Weibull  slopes  were  all  above  13  have 
a  relatively  narrow  distribution  of  flexure  strengths  in  the  volume  of  materials  evaluated, 
indicating  good  control  of  raw  materials  and  process  parameters.  Their  design  allowable 
strengths  are  more  than  two  thirds  of  their  average  strengths.  For  some  advanced  cer  amics, 
the  values  can  be  as  low  as  one  third  to  one  half. 

Figure  5.3  is  a  plot  of  the  Weibull  equation  reconfigured  from  Figure  5.2  to  show  the 
effect  of  Weibull  Modulus  on  the  ratio  of  Design  Strength  to  Average  Strength  for  three 
different  values  of  Probability  of  Failure,  0.1,  ().(X)1,  and  0.(XXX)01.  As  can  be  seen,  there 
is  tremendous  payoff  in  raising  the  Weibull  Modulus  to  a  value  of  about  15.  The  curves 
flatten  out  somewhat  above  that  point.  Low  grade  ceramics  typically  have  Weibull  values 
from  3  to  8.  Thus,  in  going  to  a  high  quality  structural  ceramic  with  a  Weibull  value  of 
13  to  15  or  higher,  a  tremendous  increase  in  design  strength  can  be  realized.  For  example, 
take  a  ceramic  with  an  average  MOR  .strength  of  80  kpsi  (552  MPa)  and  use  the  probability 
of  failure  ratio  of  ().(K)  1 .  The  design  strength  would  vary  from  2 1 .6  kpsi  ( 1 49  MPa)  for  a 
Weibull  Mcxlulus  of  5  to  a  design  strength  of  52.8  kpsi  (364  MPa)  fora  Weibull  Modulus 
of  15;  an  increase  of  144 7r.  in  design  strength  brought  about  from  the  increase  in  Weibull 
Modulus.  I’his  explains  why  it  is  imptmant  to  measure  the  Weibull  Modulus  for  the 
developmental  ceramic  insulator  materials. 


(.  I  10  ?-j  2b  30  3b 

V/ c- i  U  u  I  MclCJ-ilus 


Figure  5.3  The  oflful  of  Wfibuil  Modulus  on  the  ratio  ot  design  strenjii,  to 
average  MOR  strength  tor  different  values  of  proOabihty  of  failure. 
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Valid  fracture  toughness  results  on  six  advanced  ceramic  materials  from  runs  4  and  5 
were  determined  from  specimens  tested  at  TerraTek  Systems  Inc.  in  Salt  Lake  City,  Utah 
using  a  Chevron  notch  short  beam  test  specimen.  Figure  .^.4  shows  tlic  configuration  of 
the  Chevron  Notch  short  beam  coupon,  a  S1:NH  fracture  toughness  coupon  (described 
later),  and  a  standard  MOR  test  bar.' The  Chevron  Notch  short  heatii  fracture  toughness 
test  is  conducted  by  inserting  a  mercury-filled  stainless  steel  bladder  into  the  notch  and 
pressunzing  the  mercury  until  the  specimen  fractures.  The  pressure  versus  displacement 
traces  are  plotted  and  the  fracture  toughness  determined  by  the  ma.siiimii)  io.id.  'I'he  slopes 
of  the  curves  are  examined  to  determine  the  validity  of  the  lest.  Some  of  the  specimens 
tested  did  not  prtxluce  "valid"  fracture  toughness  values  because  of  the  residual  stresses 
in  the  material  caused  by  reinforcements  (whiskers  or  platelets).  The.se  specimens  were 
cut  from  0.25  in.  (6. .^5  rnm)  thick  plates  and  were  the  only  sized  Clicvron  notch  short  beam 
fracture  toughness  test  specimen  that  can  be  used.  If  larger  sizes  could  have  been  used, 
valid  results  on  additional  materials  w()uld  iiave  been  possible. 

Shown  in  Table  5.K  arc  the  results  ol' the  valid  t  iacture  touglmcss  tc.sts  conducted  in 
this  series.  'I'lie  AIN  material  c.xhibitcil  by  far  the  lowest  fracture  loughness,  Tlic  unic- 
inforced  alumina  materials  were  both  above  .’^.5  kpsi*in'"'  .MOumi)'  very  ginid  lot 
unreinforced  alumina.  Upon  adding  the  whiskers  or  platelets  to  the  alumina,  tite  toiigfiness 
increased  to  abt.n'c  .'S.O  kpsi*in'  ■'  (.5. ,5.5  MI’a*m'''’}.  This  coinciilvs  with  the  lowei  liaiid  ol 
the  fracture  toughness  goal  that  was  determined  in  C'liapler  4,  The  goal  lepresenls  the 
value  needed  to  survive  the  environment  of  .an  electioniagnelie  railgiin  bore  without 
fracture.  'I'lie  unreinforced  silicon  niiriiie  material  hail  a  fraciiiie  loiigliiiess  ot  4,2ti 
kpsidn'^’  (4.7  Ml'a*m'^'’;,  slightly  aiiove  wtuii  is  to  be  expectetl  from  umeinloR'ed  silicon 
nitride.  Tests  of  the  reinforced  silicon  nitride  had  to  be  ie|'caied  with  a  dillerent  type  o) 
test  specirnen  configuration  in  (uder  to  obtain  valid  results. 
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TABLE  5.8  -  Results  of  Chevron  Notch  Short  Beam  Fracture 
Toughness  Tests 


Material 

Fracture  Toughness 

kpsidn'^ 

(MPa-m''^) 

AIN-0  4Y;03 

2.64 

(2.90) 

SijN.-SYjOj-IAIA 

4,26 

(4.68) 

AhO3-0,25Y,O3-8;?rO, 

3.54 

(3.89) 

AbO3-0,25Y3O3-8ZrO,-5Cr,,O3 

3.55 

(3,90) 

AbOj-0,25Y,O3-82rO,-5Cr,O3 

3.73 

(4,10) 

AI,O3-0,25YpO3-8ZfO^-30SiC* 

5.16 

(5,67) 

ALOvO  25Y,0.,-8Zr0,-25SiC. 

5  05 

(5.55) 

llif  liMiiic  as  llic  iiiodiiliis  of  lupiiirc  icsi  specimens  (lour  point  bend  flxtiirej. 

I'lacfiirc  tou^liiiess  values  were  calculated  from  llie  known  noich  geometry  and  the 
fnaisiuuim  load. 

MimIuIiis  oI  iiipiuic  aiul  fracture  lougliness  test  specimens  for  the  four  different 
advanced  ceiamic  iiisuhilor  materials  that  were  made  into  rails  for  ilie  UKHlified  l-'LIN'I' 
Iniriel  (.Sectio/i  were  (abrisated,  'I'lic  fracture  tt)iigliness  specimens  were  made  with 
the  iw(Hlilfeieni  designs,  SliNM  (single  edge  notched  beam;  type  :ind  Chevron  notch  short 
beam  type,  '1  lie  two  different  test  specimen  types  were  useti  because,  as  previously 
mentioned,  it  w.ts  deleiiiiined  dial  the  si/e  of  Clievron  notch  shori  beam  type  fracture 
toughness  test  specimen  ilmt  was  jiossible  (bectuise  of  the  0.115  in,  (6,4  mm;  thickness  of 
the  as  piessed  celamic  plates;  does  not  give  "valid"  results  for  some  types  of  wliiskeror 
particuhiie  loaded  cerainics,  Thus  it  was  necessary  to  test  specimens  of  both  types  to 
establish  a  corielatnui  \Mlh  previously  tested  materials 

Shown  HI  I  iguie  is  a  listing  of  the  results  from  the  modulus  ot  lujiuire  (MOK ;  test 
s|)i'cimens  foi  the  tout  iiiaierials  iti.il  ss-ere  to  be  initially  lesieii  in  the  modified  IddNT 
i'airci,  Tiie  Vv'eibuii  moduius  cuives  for  iliese  maienals  are  shown  in  bigure  5.5.  It  can 
he  seen  that  the  addition  ol  the  .5'.i  Ci to  the  Al  .(;,  0.25  Y;0.-  ).,  has  very  little  effect 

on  the  aseiage  siieiig.lti,  but  did  signiticaiitly  raise  the  Weibull  modulus  { IH  versus  10.9; 
and  thus  the  09, b',;  piobabilily  sliengih.  4K,4  kpsi  (33H  .Ml’ai  versus  39,5  kpsi  (1176  MPa;. 
'I  he  addilioii  lol  (he  30'  i  SiC  w  his.kei  to  the  inatiix  resulted  in  tin  increase  in  average 
Mf;K  siieiigth.  93,1  kpsi  ((i50  .MP.ii  veisiis  ()(».7  kpsi  (-U)3  MP.o,  a  kd.d'/i  increase  in 
99,9' ('  pMibabihi)  siieiigiti,  72.9  kp  a  (5(;9  .Ml’ai  versus  39  5  k|)si  '27()  MPa;;  and  an 
iiicicasc  HI  Nk'eilujll  modulus  (.'’2.9 \eisus  10,9;,  'j'hc  mullile-.Si ,N.,  maiei lal  (N0.S3;tiad 
I i  kiiiscly  hns  snengllis  and  a  hi-.s  Weihiill  iiioilulus. 


Symbol 

ID 

Composition 

Weibull 

Modulus 

Design  Allowable  MOR 
Strength  kpsi  (MPa) 
99.0%  99.9% 

• 

N080 

Al2O3-8ZrOj-5Cr2O3-0.25YjO3 

18.0 

55.0  (384) 

48.4  (338) 

O 

N081 

AljOj-eZrOj-O.ZBYpOa 

10.9 

48.9  (342) 

39.5  (276) 

■ 

N082 

AljOj-SZrOj-O.ZSYjOa  30v/o  SiC„ 

22.9 

80.6  (563) 

72.9  (509) 

□ 

N083 

Si3N4-30v,'o  Mullite-10v/o  SiC* 

6.4 

28.7  (201) 

20.0  (140) 

Figure  5.5  Weibull  curves  and  calculated  data  for  the  four  dillerent  advanced 
ceramic  insulator  materials  used  for  testing  in  the  modified  FLINT  gun 
bairel. 

McxJulus  ()!'  rupiua-  (four  point  bund)  lusts  wurc  conducted  for  tun  different  materials 
tliat  were  hot  isosiaiically  pressed  (illFped)  atter  their  initial  uniaxial  hot  pressing. 
lliPping  can  be  used  to  iinjirove  (he  strungih  and  Iracture  toughness  of  hot-pressed 
curaniics  liirougti  lliu  closing  of  pores  and  voids,  'fhe  MOR  values  from  these  specimens 
are  comfiared  v.iih  the  values  received  Irom  specimens  cut  from  the  panels  before  they 
were  IllRped  in  'fable  ;vV.  'fhe  IIIR  ireatmeni  had  the  greatest  elfeet  on  the  four  whisker 
loaded  materials,  'fhe  strengths  increased  10  to  KY.}  after  HlRping,  evidentls  due  to  the 
healing  of  defects  or  porosity  around  the  SiC  whiskers  by  the  1  IIP  treatment,  'fhe  platelet 
loaded  material  (4S4-.f)  experienced  a  decrease  in  MOR  strength  (.^7.9  to  29.6  kpsi  (2(il 
to  204  MPai )  after  I  llPjiing,  'fhe  large  SiC"  platelets  evidently  became  even  more  effective 


crack  initiators  after  the  HIP  cycle,  resulting  in  further  reduction  of  the  MOR  strength. 
The  other  solid  solution  type  ceramic  materials  all  had  only  small  changes  in  their  MOR 
values  due  to  HIPping.  These  changes  can  be  explained  by  scatter  in  data  inherent  in 
ceramics.  This  result  substantiates  the  quality  of  the  as-hot-pressed  panels. 

Shown  in  Figure  5.6  is  a  Weibull  curve  for  the  advanced  ceramic  insulator  AIN- 
().4Y20,-25  v/o  SiQ.  (495-4H),  This  plate  was  made  in  a  different  pressing  than  the  other 
AIN-O.4Y2O3-25  v/o  SiCw  plate  (442-5).  It  had  a  higher  average  MOR  strength,  66.6  kpsi 
(465  MPa)  versus  56.8  kpsi  (392  MPa),  than  the  plate  made  earlier.  This  illustrates  the 
range  of  properties  and  lot  to  lot  variation  that  can  be  expected  in  advanced  developmental 
ceramics. 
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MOR  Results  for  hot-pressed  ceramic  insulator  materials  with  and  without  HIP 
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Symbol 

ID 

Composition 

Weibull 

Modulus 

Design  Alio 
Strength 
99.0% 

wablo  MOR 
psi  (MPa) 
99.9% 

i  • 

495-4H 

AIN-0.4  YjOj-aS  v/oSiC, 

9.5 

47.0  (328) 

36.9  (258) 

F.gure  5.6  Weibull  curve  lor  advanced  ceramic  insulator  AIN  -  0.4  Y-,03  -  25  v/o 
SiC^ 

The  round  ol  MOR  tostin”  tabulaied  in  1'able  5.9  marked  ilie  end  of  the  first  phase  of 
panel  fabrication  and  screening  studies.  The  next  phase  of  tliis  work  comprised  the 
fabrication  ot  larger  panels,  X  x  X  in.  (20  x  20  cm)  in  si/.e.  'I’he  range  of  compositions 
studied  was  narrowed  somewhat  by  eliminaiing  AlN-based  ceramics,  w'hich  had  per- 
lonred  poorly  in  the  meclianical  and  electrical  screening  tests.  All  of  the  ceramics 
investigated  from  this  point  on  were  either  alumina-based  or  silicon  nitride  based.  The 
panels  consolidated  during  the  .lanuar)'  to  September  19X9  time  frame  from  these  materials 
are  listed  in  Table  .h.  10.  I  tie  first  hot  pressing  run  occurred  in  mid  January  19X9  on  Series 
I  ot  the  silicon  niinde  matrix  materials.  All  of  the  consolidaied  panels  exhibited  some 
degree  ot  cracking,  kcplacement  panels  weie  pressed  at  vendor  expense;  using  excess 
backup  raw  material  that  had  been  mixeil  prior  to  the  ln.)i  press  n.n.  In  order  to  eliminate 
the  cracking,  the  ptinels  w-ere  ground  Oat  attereold  pressing  (  .s  hile  tliey  were  in  ihe  '  gieen" 
state)  and  the  pressing  load  was  not  applied  until  the  panel  was  at  a  higher  temjieialiire 
thtm  pre\  lotisly  used  in  Mi  dei  to  iiicre;i.-.e  the  plasticity  of  the  mtitei  ia!  and  jn  es  eni  cracking. 
1  able  .‘i.  1  1  lists  the  processing  conditions  u.sed  in  the  hot-iiressing  tif  these  pitinels.  !t  must 
be  kept  in  mind  that  these  ads  anced  ceramic  insulating  materials  aie  being  fabi iCiiteti  as 
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h  X  S  iiL  (20  X  2o  viii)  plalc'..  Miiwh  data  toiiiui  in  tlic  lik-n'Uirt-  tor  advanced  ceramics  is 
deiixril  liom  2  lo  4  !ii  (5i>>  1 0  cm)  di.micici  discs  It  requires  less  aitentiun  lo  processing 
dviails  Id  acliic'.e  resulis  in  these  smailei  si/  -s;  tt;.-  iai^er  plates  refirescnt  a  tiiucli 

mote  iipomus  ojiimi'/viiion  o!  jinvess  paiameleis. 


i  iiltmi'  majis  vs'/^'e  d,‘>el'';'eil  loi  me  h’.'J  in  (20ctii)  square  [.aiieU  in  order  to  ciit  the 
leijuiicd  iiumlr/-  ol  icst  sj>e^. micas  Irom  eacli  (ilate  i  uxiditleieiit  ixpe*  oi  ciitunj-  mails 
vsetc  iiiih  'C(!.  i\p  '  I  iqiiaimts  v  2''' '  ssh./h  v..;s  the  standard  to  produce  all  tspes  ol  test 
x[  cc iiUc'i)'.  Ooiti  ..'id  le'ee  1!  gn.iniitv  ?i  to  poHJiice  p’^opens  '  ariaiion  test  specimens. 
h/hcili.CiCs  \jl  the  ivo  l)pcs  ol  c'altine  map^  aie  sliii.sr,  in  l  i^ures  5.7  ;ind  5.><  rdonp  \sith 
descl 0(  the  x.iti'iio  lexi  Sjieciiivi) .  '!  hea:  ciatine  pl'iii  aU.iu  tor  enotu'h  MOR 

(1.1/ 1  i.r  l»e  cut  h'om  ea.,di  panel  in  ct-j'.'r  i;i  e^i.  ’•-!  a  V.eihall  nu/dulus  value  tor  e.icl. 
rn.itcMtil  l.'i"\y;>e  !i  p  iacis  v>. lvl  desumed  t.*  l,•l..■,■.su:e  the  .aiiiouiii  o."  proj.eiis  variation 
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TABLE  5.10  -  8x8  In.  (20x20  cm)  Ceramic  Panels  Fabricated  January  to  September  1989 


I  Compo- 


Panel 

ID 

Composition 

Purpose 

Alumina  -  6%  Zirconia  /  Chromia 


1. 


4-253-4 

AI,Oj-8.0ZrO,.-0.25Y;Oj 

Measure  the  ettect  of  chromia 

4-253-3 

AI,Oi-8  0Zi-O.,-C.25Y,O,-  2.0Cr,Oi 

additions  on  mech.  prop's  of 

4-253-1 

AI^Oj-S  OZrO;  -0.25Y,Oi-  5  OCr,,Oi 

alumina-  8%  zirccma 

4-253-5 

Ai,Cj-8  0ZrO,-0  25Y,Oj-  5.0Cr,O, 

4-253-2 

AljOi-a  OZrsO^-0  25Y,0-  8,0Crp, 

Al^Oi-S  0ZrO,-0.25YA-  e.OCr.O, 

! 

Alumina  ■  8%  Zirconia  '  SiC, 


4  255  1 

A:,Oi-8  OZrO.-O  25Y..Oy'  30YoSiC. 

Compare  effects  of  wh'sket  us 

4-255-4 

AI,0,-8.07-0,,-0.25Y,0,'  30^'oSiC. 

chromia  additions  on  Alumina 

Zirconia 

4  :^55  2 

Al,0,-8  OZ-O,  -0  25Y,0,  5C',0.'  25%SiC, 

4  255-3 

A:,0.  8  OZrO,  0  25Y,0.-5C',0,'2.5'i.SiC. 

Alumina  Z  rco'iia  '  S'C. 


A',0,-  15  0ZrO2  i5"=,SiC.  ,'ACMC  S.C.) 

Compaif  /diiSKurs  (fCirt  Iwo  dif'arenl 

AiO,-  15  07'02  25 'oSiC,  ! ACf.tsC  b.C. ) 

'-■OurCC'S,  aiiO  rrieaSuiu  u'fuu'  o'  u.'i',ing 

A:,0,'  15  0  Z'O.  '  :j5“«S.C.  tAUI  SC.i 

oao-rig  iidct'O' s  fo' 

A',0,-  15  0  2":i,  '35%S'C.  (AMISC.i 

id 


Zi'uoriifi  ‘j  Ci  'cmia  '  S'C. 


1 - 1 

A,  0,  LZ.-C  -f;  .’uV  5C'.G, 

i  329  3 

A  O,  57-0.  0  25Y.O,  5G-’.0.  i5  oS  C. 

4  329  4 

A,O.-57-O,-0  25Y.O.  5C',0.  i5  ',.S'C. 

4  329  1 

A  .O  57-0.  0  25Y.O.  5(2. 0, '250.^0. 

4  329  2 

A  o  -tz/'O  0  :-oV  o  sCf  o/r 

Ltcw'-'-'u  Inu  u’liji.t  o'  v'.jr.u^.O  V*»r' 
oaj  ng  On  Inc-  nrvu'i  O’Of  !> 


S'irCOU  ' 


’  Is 


'>  2  OV.O,  0  2‘ji\  2->  i  u'  V.'  uti'  ,-i  j'M.'j'i',  nr. 

;>  N,  2  DV  0  L.  <  S  C.  .:.fO"t.:nOu  2  ■  ’i;!..a 

S' f,,  2  0^  ,0,  0  .'“.A  ,c;,  u  .■"•  S'C. 'Ml  ,  •  (Hi  »■.  r. /,  ■  ■ 

'.',1.,  2  0V,O.  T  ?'.A  1.'.  ,  2. 

S'  N,  :>  ov.o  0  .-‘..A  •  /  'V  -  s'„.  i 


Mv  1  j'-  S''i 


TABLE  5.11  •  Processing  Conditions  Used  to  Hot-Press  8x8  In.  (20x20  cm)  Panels 


Compo 

1 

1 

1 

Time  at 

Max.  1 

Time 

Heating 

Total 

sitic'n 

Panel 

Prsising 

Max 

Max. 

Pressuie 

at  Max. 

Rate 

Cycle  j 

No 

ID 

Date 

Temp  I'Cl 

Temp 

(min.) 

(pSi) 

Pfes;  ure 
(mt'i) 

(‘C/min) 

_ 

Time  1 
(lu/min)  j 

Alumina 

-  8%  Zirconia  /  Chromi; 

3 

4-25.3-4 

m 

1570 

95 

3000 

4-253-3 

1570 

95 

3000 

4-253-1 

3-4-89 

1570 

95 

3000 

4-253-5 

3-4-69 

1570 

95 

3000 

4-253-2 

3-4-89 

1570 

95 

3000 

4-253-6 

3-4-89 

1570 

95 

3000 

Alumina  -  8%  Zircon.a  '  SiC, 


4-255-1 

3-7-89 

20 

3500 

230 

2 

4-2.55- 1 

3-7-89 

BH 

20 

3500 

230 

2 

4-255  2 

3-7-89 

■H 

20 

3500 

23.J 

2 

4  255  ? 

3-7-89 

1700 

20 

3500 

230 

2 

AM  1008-1 
AMIOOa-3 


Alumina  •  IS'oZuconia  S'C, 


Pfopnolaiy  to  Arnericari  Mainx  Inc 


/-o  Cnron  a  S  C. 


10 

4  329  5  I 

i  7 -.4  7 -80 

1 1 

4  329  3 

7-27-80 

1 1 

4  329  4 

7-27-80 

12 

4  329  1 

7-2 ''-80 

12 

4  '<29  2 

’-'27-80 

3 

13  25 

3 

1  3  25 

3 

13  25 

3 

1  3  25 

b ‘Ton  t(  •'■a*'  ?  •  Ylln.i  SiC, 


1  1  (ijilLi 

•  i 

M'jil 

20 

')[  tjH  ll.if. 

0;i!i'  .|i  f.i>  l.'.lloci' 

Au  iriii  ti; 

!•  'i 

i  ii  'iiri.ift!'. 

1  .  . _ ... 

(  1  t!fr 

/  f,  ^  f  ',/M,..  1 1 

Si/i,'  in  IiicIilO 
(in  (;l;irn,') 


MOII  li.iro  (f)  jnnlil^  1.:’; 

?  o'jo  / 71'  ^ 

MOH  li.iij  u'.:.  M'.in/  ,i 

U  b  f  r  T.j'J 

c>[  fJl!  i'  ll',  (q'laniply  1/; 

-1  000  /  ’  V'C..J 

SI  fJl!  I!  i''j  'q-i.'iniiS  0/ 

;■  i;iO'j  >  1  /yt 
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Shown  in  Figures  5.9  and  5.10  iu'e  repre.sentative  micrographs  of  the  two  compositions 
tliat  were  selected  to  be  scaled  up  in  size  during  the  next  portion  of  the  program.  They  are 
alumina-zirconia-chromia  and  SiC  whisker  reinforced  silicon  nitride.  The  explanation  for 
their  gotxl  combination  of  flexirra)  strength  and  fracture  toughness  is  explained  by  their 
microstnictures  as  detailed  in  the  figures.  The  mechanical  and  electrical  properties  of 
these  materials  are  examined  iii  detail  in  Chapter  6. 

'j'  he  lasi  materials  fabneated  in  this  program  were  three  blocks  scaled-up  in  size.  The 
pi '.rpo.se  of  this  was  to  sec  whether  the  mechanical  properties  observed  in  the  8  x  8  x  0.375 
in.  (20  X  20  x  (i,635  cm)  panels  could  be  reproduced  in  a  form  with  dimensions  comparable 
to  iho.'-e  which  would  be  used  in  a  full-scale  railgun  insulator  segment.  The  compositions 
of  these  blocks,  measuring  4  x  ,  in.  (10.2  x  20,4  x  3.8  cm)  in  size  for  4-365-2  and 
4-366-2,  and  1.5  x  4  x  19.7  inches  (.'.8  x  10  x  50  cm)  for  4-392-1  are  shown  in  Table  5.12 
along  with  nicasiirements  of  their  density.  The  bltK’ks  evidenced  no  cracking  and  had  a 
gtxxj  surface  finish.  After  hot  press  consoliuation  followed  by  HIPping  the  blcxiks  were 
ground  to  a  thickness  of  1 .25  in.  (3.18  cm)  in  ortier  to  remove  any  surface  imperfections 
created  during  the  fabrication  procedure.  Density  measurements  were  similar  to  tho.se 
measured  on  thinner  ptinels  consolid.itcd  previously  in  the  program  indieating  ihtii  the 
blocks  had  achieved  f  ull  density,  'fhe  blocks  were  machined  into  nieclianictil,  electrical, 
and  metallographic  test  specimens,  The  test  results  on  these  materials  are  presented  in 
Chapter  6. 


TABLE  5.12  .  Compositions  and  Densities  of  Two  Scalcd-Up 
Thickness  Blocks  of  Advanced  Ceramic  Composite  Insulators  For 
Electromagnetic  Launchers 


M  u  (.1  ij  u  ( C‘  ci 

ft  ' 

Composition 

Density 

1  tieorelical 

lU 

(Wt  %) 

(qcc) 

Density 

4  306  2 

A  1,0, 

5 

O/rO,  OliOY.O, -SOCr.O, 

4  12G 

99  4 

4-366  2 

Si  .N^ 

6 

GY,0.  1  OAi.O,  •  1o  0-l>iC„ 

ti  L’GO 

99  C 

4 

Al,  0, 

6 

07fO.  0  20Y.O,  -  5  OCf.O, 

4  134 

99  0 

71 


10  microns 


Implications  of  Features: 

•  Good  Process  Control 

'  Good  Combination  of  Strongtt'i  ui  id 

rrncture  Tougiincss 

•  Superior  Plectncal  Properties 
(Cue  to  Ctironiia  Dispersion) 


llgiJicO.9  I ’fiotuHiiLijQ'.iph  of  />/"('.//  ninioi:liui!i/fi'  of  AiQ  V  0/n.)_. 

Li  0Ci_-O,  0  P'l)  Q ,  , /Hi. (.'0  tvijniii^  im.ijUilof  in,i!rii,il  ,ind  \:xpl,i 

i,,i!iun  iHUj  inifiii(:,i;..,iii,  ol  tuMun  :.  (liiOOX' 


Features: 

•  Fine  Grained  (  10  microns) 

•  Fully  Dense  (  100%) 

•  Mixed-Mode,  Higti  Energy  Fracture 

•  Uniforni  Distribution  of  Cnromm 
(Revealed  by  X-Ftny  FD3  Mapping) 


10  microns 
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6.0 


TESTING  OF  MATERIALS 


Till'  cl  iIk-  ;Klv;iiiLi,-tl  fcramic  irisiilatii)|;  tnalcri.ih  and  ihi:  tiMiductcr  inaiLTial» 

l(Kik  |>l.uc  ill  icui  maj'ii  Icwalicii'i: 


•  Sl'AkTA  liHj.  iiiali'i icil*'  k-nlmilIi  l,ilnii,itcni;s  liKiiicd  in  Del  Mai.  ('alil'iiiiia 

and  Sail  I  nei,'.c.  C  'alilci nia.  meiall' i^'/ajdi;. .  iltnsKy  iiieaMiu'iiK-nls,  minliiliis 
cl  iiij'iuii'  and  seaniiiiij’ cleciicn  miercsc()|>y  (,S|.ND 

•  rniM’i'Cl;  cl  ('.dilciiiia  al  I  •C'.  Anj'elf>  (I  Cl,  A),  l.cs  Anycles.  (  all  tern  i. a, 
Miilei  la  I’.  .Si  leiii'i'  .md  I  iijcncei  iiii'  1  A'p.itliiianl.  I'lciip  liiMiled  liy  Di.  Jenn 
Minp  ^’.iiip.  dciiMi)  iiiiMMii'.'iii'/ni'..  IiiIlIuii;  icuphiK'ss  miMiuiecieiiiN,  ele 
i.u'ii'al  aiialy '1^  lis  I  I  )A\  ,  cplii.al  iiivlallcj.’iapli> ,  and  M.mninp,  i  leiiu'ii 
mil  test  cps 

•  'I  I  s. I .  'I  I  ill  I  'di \  I  I  '.iii  i  l'i  I  I,  i  ni'i'ci  k,  'i  V s,|s,  i  H'p.ii liiiL'iii  cl  !•  I'.'t’ii  it'al 
1  ii)’ini'c(i(n'.  l''•■adl■d  li\  Di  Kiis  KiisliaiiMm,  sialicnai\  aii'  li-siinp 
cl  iirailalci and  icndiKici  >  (sinj'li*  piiDc  and  ii'p  laledi 

•  I  .S  Atiiis  Aim.mit'iii  kcMMu  li,  Di'velc|iiiieii!  and  I  nriiii'i'iini’ (  I'liiei 
(AKDI, Cl,  I'liaiKiiis  AiM'dal,  Nvw  .leisii,  piciiji  he, idl'd  I'V  Ciii'i;  Cc) 
cinlic,  I  iilpiiii  li''.liii)'  in  I  I  I’n'I  I  Ml  s)\|i'm 


I  hi'  iiiiidiilir'  cl  inpliiU'  Ii.kI  iii'  |cu)'hni">s.  di'iicl),  iiii  K"'i.  and  iiii'Iallc 

j'l.ijiliu  s.inijili's  iii.'ii.-  Li!!  licm  dll'  adi .111; ncaalaliii  p.na'l’  a!  lHyNlAS  M.iv  hini' 
.SjH'i  i.dnt- «,  Ini  in  Sciiii'l  1  ille,  Maii.ii  hn  a'ic.  ‘I  hr.  iciiip.ins  h,i  ■  ha'l  .i  laij'i'  amciiiil  cl 
L'lpi'i ii'ii'. i'  in  dll  pii'|Mi.iiicn  c!  mi'ih.iiiii  al  I'X  '•I'l'i'iiiii'ii >  Imiiii  ii'iamii  inali'iiaK  'I  he 
ijiiahi)  cl  d.ila  l|iiiii  liiiih.iniial  iiCs  cl  i I'l.iinii  \  r.  veil  di'pendriil  ii|'cii  ihe  i|iiiilil\  cl  lli'i 
li'il  '.pi'i  imi'ir>  I K  )M  NS  is  .i .  ahlr  n  i  pn  idiu.  e  vpi-i  lllll•l:'.  isitli  .i  mmiinum  ■  d  sin  I  ai  c  d''li'il  •. 
a! less  inj'  siu'i'iniip  lnl .  Ic  hi  .ii  i  iiiaiili  i  i-.idmli'd  is  nh  .1  iilliillimiii  miiiihri  cl  spii  iiiii'ir. 
(Id  M*  )l'.  spi'iniii'ii .  ,ind  sis  liaLlnii'  lunphiu'ss  spiiimi’iis  pri  p.in.'l) 

I  hv  1 .1  c  1  nr, I'l  .11 .  I'cnp.  .  t  '  I  \  .inC  I  M  isi'ii  i  Im  .in  hn an  .i  nl  ihiii  spri  ilii 

I  nc‘.s  li'diii'  .iny  i S|'''i  I'.'iii  1 1 >.r,!.  in  il.r  a!i'..  •  cl  .id  .  .iiii  id  i  I'l .m iii  s  iiiid  In j'h  i  in  iinl  al  i  k  slinj' 

I I  spi'i  1 1 1 1 1 1 1.  II 1 1  j'  ( I  111  p  I  n .  h  id'  1 1  .1  j.'i  c.ij  I  ( i|  ('I  ,ii  Ih.iIi  M  nd' '  Ii  I  .  ii  ndil  1  i  n  di  1 1.  I  n  n  i  cl  an 


experienced  Professor  to  cairy  out  the  tests  and  aid  SPARTA  in  interpreting  the  data.  The 
FLINT  EML  system  at  ARDEC  was  cho.sen  becau.se  of  it’s  initial  availability  and  ease  of 
changeout  for  test  of  insulator  side  wall  specimens. 


6.1  Mechanical  Testing 

MtxJuIus  of  rupture  (MOR)  and  fracture  toughness  (SEN'B  type)  specimens  cut  from 
the  X  X  X  X  0,375  in.  (20  x  20  x  0.95  cm)  hot-pres.sed  ceramic  plates  listed  in  Table  5.9 
were  subjected  to  mechanical  testing.  The  data  from  these  tests  is  summarized  in  Table 
6.1.  The  Weibull  modulus  values  shown  in  this  table  (indicative  of  spread  in  property 
values)  arc  very  high,  among  the  highest  we  have  ever  measured  in  any  ceramic  materials. 
'I’his  indicates  gtxKl  blending  of  powder.i  and  full  con  olidation  of  the  panels. 

The  strength  values  (averages  of  12  tests  for  each  material)  for  the  alumina-based 
materials  were  mrrderately  higli,  but  the  .SiC  v.hi.sker  reinforced  alumina  materials  were 
lower  in  strength.  'I  lie  fracti.re  to.ughness  values  (ascrages  of  six  tests  per  [lanel;  were 
very  high,  7.2  kjisi*in'  '  (7,9  Ml’aun'^'),  with  the  wliisker  reinforced  materials  the  highest 
of  till  tile  panels.  The  trends  .seem  to  indicate  tliat  cltromia  contents  above  10'/(  lower  the 
MOR  strength,  hut  tlo  not  decrease  the  Weibull  modulus,  'fhe  fraetiire  toughness  valties 
do  not  seem  t(>  follow  any  trend  with  chromia  content. 

Mechanical  prtijierty  tests  tor  the  nine  silicon  nitride  matrix  panels  revealeil  cspeci.illy 
high  strength,  consislcncy,  and  ioughiiess.  A  summaiy  of  ihe  data  is  ineiiaied  in  '1  able 
(i,  1 ,  As  can  be  seen,  very  high  average  strength  91  to  1  I  A  kjisi  ((i2X  to  7X.^  MPa;  values 
were  oluametl.  as  svell  as  high  Iracture  toughness  values  (all  above  X,2  kjisidn''’  (9 
MPami' '' j).  These  nine  plates  were  inatle  in  three  difterent  pressings.  Panels  25X  5  and 
25X  (i  received  belter  powder  and  whisker  hleiidiiig  aiui  thus  liad  significantly  higher 
\^'eibllll  iikkIuIus  \;ducs  ihtin  the  p.itiels  in  pressing  2(i5.  Tlie  same  careful  blending  tind 
inixing  operations  were  then  rejiealed  in  [iiessing  3  Mb  with  even  beitei  MOR  results 


.Mcciiaiiical  pioperiy  test  d.it.i  ut  specnneiis  fioiii  the  two  specially  laliricated  alumina 
p.iiieb.  With  siltvon  caibaie  wliiskci^  aic  iiiviiidiCu  ni  l.ible  (i  l.  rivceptionaily  higii 

li  Highness  values  ol  o\  ei  ‘hi  kpsi  (  1  (I  .MP.imii'  '  i  w  ere  me.i  .uied.  how  es  el ,  ilie  modulus 
ol  !ii|>liiie  s.ilues  (71  kpsi  15()()  MPa|i  ueie  lowei  lluiii  expected  It  is  thought  tluit  the 
piou'sMiig  ji.il.imelei  s  weie  not  iile.il  hec,uise  the  pl.ilvw  that  weie  m.ule  weie  much  laigei 
lluiii  those  m.ide  pies  lotisls  (hs  olhei  gioup-.i  w  itli  this  (.'omposiiioii  tiiul  seseial  ilei.iii  >e 
hot  pi  e  s  Mil]'  1 11 II  s*.  oiihJ  he  needed  to  ,ii  i  is  e  at  the  collect  pi  ess  mg  p.u  a  me  let  s.  'I  sso  sth'.'oii 
(..iibide  s»  hiskei  lemliiu  vil  .iliiiiiiii,i  p.iiiels  uoiig  I  .X  and  25'<’  sshiskei  s  sseie  eon ,o| id, tied 
Using  sshiskeis  Imm  ,t  ildleieui  sotin  e  ih.m  belo/e,  Ails.iiieetl  (  oinpu.iie  M.iieii.ils 
t.  Ol  jioi  ,iiiiiii  iA<M('i  'Ihe  ue'w  A<  Nb  wlu-l.ei'  sseie  9.''  lo  (i.X  imeions  m  ilu.iineU'i 
(eomp.m,  d  |o  the  pies  lousls  meel  Aniei k an  M.iinx  1  2  to  1  iiiieiou  duinieiei  sshid.cisi, 
aie  p! im.u jdui  .e  in  sitiiClUie  twOiiij'aiCel  s-.iiM  ilie  AMI  beta  j'h.ise  \\inskeis/,  anti 
h.is  e  leeei  s  ed  i  im  a  e  ,itieiUimi  I  is  the  t  eMiiiit'  iii.ili  ix  ei  Hiipo  ,iie  i  oii  iinuinl ,  j  he;,  .ue  onl;, 
ol  If  i|  u,i' lei  hioiieh.di  ,i .  slioiig  ,i ,  the  pies  io,i  ,|s  ii-.etl  ss  hrkci .  ho'.se'S  ei  I  he  Mt 


TABLE  6.1  -  Mechanical  Test  Results  from  8  x  8  In.  (20  x  20  cm)  Ceramic  Panels 


PansI 

Average 

MOR 

Weibull 

Average 

Fracture 

1 

ID' 

Composition 

Strength 
kpsi  (MPa) 

Modulus 

Toughness 

kpsi'in'^ 

(MPa»m''^') 

Alumina  ■  8%  Zirconia  /  Chromia 


1. 

4-253-4 

A8O3-a.02rOj-0.25Yp3 

91,8  (633) 

25,0 

5.81  (6.38) 

4-253-3 

Al-Oj-S.OZrO,  0.25Y,03-  Z.OCr^Oj 

93.1  (642) 

16.9 

5.21  (5,72) 

4-253-1 

AI,O3-8.02rO--0.25Y,O3-  5.0Cr,Oj 

94.37  (651) 

22.5 

5. OS  (5,58) 

4-253-5 

AkOj-e.OZrO.-O.ZSYjOj-  S  OCr^Oj 

85.56  (590) 

24,1 

5.72  (6,29) 

Kl 

4-253-6 

AI,O3-a.0ZrO;-0.25Y;.O3-  S.OCr^Oj 

80.45  (555) 

20.5 

5.83  (6,41) 

Alumina  -  8%  Zirconia  '  SiC. 

5. 

4-255-1 

AI,,O3-8.02rO.  -0.25Y,,O3' 30%SiC, 

64.95  (448) 

IB9 

6.94  (7.63j 

6. 

4-255-2 

AI..O.,-8.0ZrO;-0.25Y,.O3-5Cr.O,'25%SiC, 

50.51  (348) 

7.15  (7.86) 

Alumina  •  1 5%  Zimonia  i  SiC, 


7, 

269-1 

AI.Os-  15,0  Zr02'  15%SiC,  (ACMC  SiC.) 

83.2  (574) 

9.7 

6.5  (7,1) 

8. 

270  7 

AI,Oj-  15.0  Zr02.''  25%SiC.  (ACMC  SiC.) 

85.4  (585) 

10.2 

6.6  (7.3) 

9. 

AMiOOa-1 

AI^Oj-  15,0  ZrO, !  35%SiC.  (AMI  SiC.) 

72,5  (500) 

14,5 

9.0  (9.9) 

9 

AMI008-3 

Aip^  1  5,0  ZrO, .'  35%S.C.  (AMI  S.C.) 

74  5  (.514) 

25.2 

5.3  (10,2) 

Alumina  -  8%  Zirconia  -  5%  Chroniia  '  SiC, 


10. 

4-329-5 

AI,O3-5ZfO;-0.25Y..Oj-5Cr,O/ 

89  0  (614) 

25,8 

6.2  (6  8) 

10. 

4-329-5H 

AI,03-5ZrO,-0.25Y,0,-5Cr,,0,' 

88.5  {610; 

23,6 

6,2  (6.8) 

11. 

4  329-3 

Al.OySZrO,  •0.25Y.O3-5Cr,O/1  SvoSiC. 

56  3  (388) 

12.6 

5.4  (5,9; 

1 1 

4-329-4 

AI,,O3-5ZrO,--0.25Y,O  ,-5Gr,0:,'  1 5%SiC, 

54  7  (377) 

17.0 

5-4  (5,9) 

1 1 

4-329-4H 

AI..O,-5ZrO.-0.25Y.O3-5Cr,O,'15%SiC. 

49  5  (341 ) 

16.0 

6  1  (6.7; 

12. 

4-329-1 

Ai,03-5Zr0. -0  25Y ,0,-5Cr,0,-25'''/oSiC. 

74  4  (513) 

18  1 

5.2  (5  7) 

12 

4-329-1  H 

AI/j,-5ZiO,-0  25Y.03-5Ci,O,'25%SiC. 

63.9  (441) 

8  8 

6  2  (6.8) 

1? 

4-329  2 

AI.O,  5ZiO.  0  25Y  0.-5Cr,O.'25%S'C. 

69  1  (476) 

1 1.6 

5  7  (6  3) 

Silicon  fJilriJo  ■  8“'.  V|ti,a  '  S'C. 


19 

4  26u  5 

Si,R.  8  0Y,O,  1  OAl.O, 

91  5  (031 ) 

10  0 

5  3  (5  8) 

18 

4  340  2 

Si,r6  8  OY  0,-l  CAI.O, 

12  7  8  (881) 

20  6 

0  4  (9  2) 

19 

4  265  4 

S.,rL-8  0YO,  1  OA'/J,  5n-biC, 

92  4  (637) 

8  7 

9  4  (10  3, 

20 

4  265-3 

Si.tJ.  8  0Y/J.-1  OAl.O,-  lO'-.S'C. 

102  9  (709) 

6  a 

9.7  (10  7) 

20 

4  258  6 

Si.N.  8  OY/O,  1  OAl.O/  10%S'G, 

03  6  (763) 

49  3 

8  6  (9  4 1 

?i 

4  265  1 

S'.fL  8  OY.O,  1  OAl.O,  lO'-obiC. 

91  1  (628) 

9  1 

8  6  (9  5; 

i'l' 

■4  265  2 

bi.tJ.  8  OV.O,  1  OAl.O,-  15  --.SiC, 

99  5  (68f.,) 

8  1 

6  1  (6  9) 

f- 

4  258  5 

S,,r6  8  OV.O,  1  OA.O.  15’  -S.Q. 

1  >2  8  i7/6/ 

Tj  1 

6  6  (9  5) 

'I'') 

4  3-  ‘/j  3 

bi.fL  G  OV.O.  1  OAI.C;,-  ij  -.biG. 

119  6  >825) 

25  2 

6  3  (9  1 ) 

13 

4  268  3 

bi,,rL  2  QY,0,  0  2V.:,0, 

10 1  4 (709) 

/.I 

6  4  (9.2) 

t/1  ili"i.i Vi  n-  .1'.  )(■  O'i  t'.(  '  li  '  r.U'MI.;!)'  !i,l.  ■■  l/i-i-'.  I  III 'liiiO  Iiiji  1 .11  •.'jiriCJ 


whiskers  also  have  lower  electrical  conductivity.  The  panels  were  made  in  order  to 
compare  properties  with  panels  made  by  other  laboratories  from  these  w'hiskers  and  to  see 
the  effect  of  the  different  conductivity  whiskers  on  the  electrical  perfomiance  of  the  panels. 

Shown  in  Figure  6.1  tue  the  results  of  the  mechanical  property  tests  conducted  on  the 
specimens  cut  from  the  panels.  Their  Wcihiill  curves,  along  with  design  allowable 
strengths,  are  also  included.  The  flexural  strengths  and  fracture  toughness  values  mea¬ 
sured  for  the  IS'/r  silicon  carbide  whisker  loaded  material  agreed  well  with  those  adver- 
ti.scd  by  ACMC  (Advanced  Composite  Materials  Corporation),  the  company  that  makes 
the  whiskers  and  blends  the  powders  for  sale  to  consolidation  companies.  The  properties 
of  the  25%  whisker  loaded  material  were  about  15%  below  the  values  expected,  however. 
This  decrease  w-as  caused  by  the  presence  of  the  combination  of  a  number  of  ovei  -si/ed 
whiskers  and  iron-chromium  impurities  which  acted  as  failure  initiation  sites. 

d’he  high  toughness  values  exhibited  by  Oitth  materials  were  a  result  of  the  good 
distribution  of  whiskers  and  a  proper  level  of  uhisker/matrix  bonding  which  allowed  ib.c 
whiskers  to  deflect  and  blunt  cracks,  thereb\  increasing  toughness.  The  defects  noted 
above  did  affect  the  toughness  of  the  25%  loaded  material,  however,  as  its  toughness 
should  have  been  closer  to  S.l  kpsi*in'  ‘ (8.S  MPa*m'''}  ,  instead  of  the  0.5  (7.1;  value 
measured. 

Shown  in  Figure  6.2  is  an  optical  micrograph  of  a  polished  cross-scction  of  tne  25% 
loaded  material  (4-270-7)  revetiling  the  pre.sence  of  selected  over-sized  whiskers.  Sliown 
in  1-igiuv  6..'^  is  ;i  typical  scanning  electron  microscoire  view  of  the  fracture  stiri  ace  of  the 
same  material  revealing  the  fiber  pull-out  at  the  fiaciure  surface  which  resulted  in  goixi 
fracture  t(.nighncss. 
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Panels  AMI(X)8-1  and  -3  of  tlie  35%  SiC  whisker  loaded  composition  were 
purchased  as-consolidated  from  AMI.  Ver>-  high  toughness  values  (approximately  9.3 
kpsi»in''^(  1 0  MPa^m''^))  were  measured,  the  highest  observed  in  alumina-based  insulators 
during  this  program.  The  strength  values  (about  73  kpsi  I5(X)  MPal),  however,  were 
somewhat  low.  Scanning  electron  microscopy  examination  of  the  failure  surfaces  of 
modulus  of  rupture  bars  was  conducted.  The  material  exhibited  small  grain  size  (less  than 
5  microns)  which  leads  to  good  strength  and  toughness.  The  whiskers  in  one  specimen 
(AMI-008-3)  were  well  distributed,  but  the  other  specimen  (AMI-008- 1 )  exhibited  clumps 
of  whiskers  which  led  to  its  lower  Weibull  modulus  (15  vs.  25  for  the  -3  specimen),  In 
both  specimens  there  was  a  mixture  of  pulled  out  whiskers  and  bonded  whiskers  at  the 
fracture  surfaces.  This  indicates  that  the  pressing  conditions  used  too  high  a  temperature 
or  too  long  a  period  of  time,  resulting  in  slightly  too  much  whisker-matrix  interaction. 
This  reduced  the  strength  of  the  material  as  cracks  did  not  run  around  the  whiskers  but 
went  through  them.  Thus,  with  optimized  mixing  and  consolidation  parameters,  better 
properties  could  have  resulted. 

Overall,  the  silicon  nitride  ••  8%  yttria  panels  showed  the  best  mechanical  properties 
of  any  of  the  compositions  studied.  These  panels  are  listed  at  the  bottom  of  Table  6.1. 
The  mechanical  properties  measured  for  these  panels  were  outstanding.  The  results  from 
panel  4-258-6  are  especially  noteworthy.  This  panel  showed  an  average  MOR  strength 
of  113.6  kpsi  (783  MPa),  a  fracture  toughness  of  8.6  kpsirin'^^  (9.4  MPami'®),  and  a 
Weibull  rmxiulus  of  40.3.  These  combination  of  propenies  is  among  the  best  ever  reported 
in  the  scientific  literature  for  a  ceramic  material.  It  was  important  to  understand  what 
microstructural  features  led  to  the  strength,  toughness,  and  Weibull  properties  measured 
in  all  the  silicon  nitride-based  materials.  The  microstructures  of  the  silicon  nitride 
materials  were  studied  both  by  optical  metallography  and  by  SEM  ob.servation  of  fracture 
surfaces.  The  key  microstructural  observations  include: 


•  Very  small  grain  size,  less  than  5  microns.  This  leads  to  reduced 

flaw  size,  narrow  distribution  of  existing  flaws,  high  strength,  high 
toughness  and  reliability 

•  Unifonn  distribution  of  whiskers.  This  results  in  i.sotropic  in-plane 

properties,  W'hiskers  blunt  and  deflect  cracks  which  raises  the 
toughness  of  the  material. 

•  No  detectable  porosity,  resulting  in  high  strength, 

•  Whiskers  have  been  broken  out  at  the  surface,  leaving  troughs 

behind.  3'his  indicates  that  the  whiskers  are  not  tightly  bonded  to 
the  tnairix.  This  permits  cracks  to  be  blunted  and  to  lose  energy  as 
they  reacii  whiskers,  increasing  lungiuiess  liiiougli  fibei  inill  out. 

•  'i'lie  use  of  second  phase  toughening  (through  the  addition  of  the 

yttria  and  alumina;  results  in  full  density  and  high  strength  thrc>ug’M 
the  lormation  of  a  glassy  grain  boundary  phase  that  cannot  he  seen 
at  the  magnification  of  the  micrograph. 
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This  combination  of  small  grain  size,  good  distribution  of  whiskers,  high  density, 
proper  amount  of  whisker/matrix  bonding,  and  glassy  grain  boundary  phase  led  to  the 
outstanding  strength,  toughness,  and  property  spread  (Weibull  modulus)  properties  of  the 
silicon  nitride  matrix  advanced  ceramic  insulator  materials.  These  microstructural  char¬ 
acteristics  were  planned  through  a  combination  of  proper:  chemistiy  of  the  matrix,  whisker 
and  whisker  loading,  and  processing  conditions  to  arrive  at  the  desired  mechanical 
properties.  This  process  is  called  “microstructural  tailoring”,  and  it  enabled  the  devel¬ 
opment  of  the  high-quality  material  which  was  produced, 

A  direct  comparison  between  the  as-hot  pressed  and  hot  pressed  and  HIPped  properties 
was  carried  out  in  the  alumina  -  5%  zirconia  -  5%  chroniia  series.  It  was  thought  that 
Hipping  might  be  necessary  in  order  reproduce  the  full-scale  ceramic  composite  insulators 
for  electromagnetic  launchers.  Thus  these  tests  were  used  to  measure  the  properties 
obtained  frorri  materials  processed  in  the  same  fashion  which  might  be  used  for  larger  scale 
railgun  insulators. 

The  test  specimens  were  measured  and  examined  optically  to  detect  any  gross  flaws 
due  to  grinding  prior  to  testing.  Testing  of  the  modulus  of  rupture  (MOR)  bars  atid  fracture 
toughness  specimens  (SENB  type)  from  each  panel  were  completed  and  are  sumtttarized 
in  Table  6.1.  As  always,  an  adequate  number  of  MOR  bars  (12)  was  tested  from  each 
panel  to  establish  a  valid  Weibull  modulus  for  each  material.  'I  lie  fractiiie  surfaces  of 
selected  MOR  bars  was  examined  with  a  scanning  electron  microscope  (SEM)  to  char¬ 
acterize  the  microstructure  of  the  insulator  materials  and  determine  if  the  itiiproved  pro¬ 
cessing  parameters  utilized  during  the  preparation  of  the  panels  was  reflected  in  the 
microstructure.  The  density  of  the  panels  was  also  measure  J, 


The  results  listed  in  Table  6.2  show  that  the  tested  panels  compare  very  lavorably  with 
prior  results.  The  tested  panels  demonstrated  that: 

•  Improvements  in  properties  can  be  ohtttined  from  siight  chemi.slry 
changes  and  improvements  iii  mixing/blendiiig  techniques 

■*  The  mechanical  properties  obtamed  on  prior  panels  C(;uld  be  dupli¬ 
cated  (or  improved)  on  panels  made  using  diflerent  tots  ol  starting 
materials  and  different  hot  pressing  runs. 

Both  of  the;-c  goals  were  met  anti  thus  iicxi  step  in  the  program,  scale-up  to  sizes  siiitaiile 
for  u:'>e  in  iai'gcr  scale  guns,  was  tiegun 

It  can  be  seen  the  lllPping  resirhed  i.n  slight  strength  decreases  (.Uid  a lupiiiiess 
increases)  for  the  whisker  conui  .mug  aluniuia  lua'erials  hut  diil  nol  cliaiig.i  die  properties 
of  the  alumina  maierial  with  only  chiO'mi.i  addeiJ.  7'fie  whisker  conudning  alumina  spec 
linens  were  infciior  to  the  alumina-chroir.ia  <  with  no  whisker)  i.j, aerial  oi  igiiiuiiy,  and  thus 
the  aliinima/chron  'S/wnislvCi  systeni  was  drmpped  Iroin  the  developineiil  cycle.  'I  his 
decision  was  supported  by  the  rail’-er  poor  electrical  jierlormaiKe  oi  the  ,Si('  wliiskei 
reinforced  alumina  material  a::  descrihed  in  Secf.oi,  6,2. 


I’abrication  ofmcchanital.clccirical  and  metal lograph if  ic.st  specimens  from  the  first 
two  scalcd-iip  thickness  blocks  ot  advanced  ceramic  composite  insulator  materials  was 
begun  after  the  testing  of  the  8  x  b  in.  (20  x  20  cmj  panels  was  completed,  Because  the 
properties  of  advanced  ceramic*:  ate  so  process-sensitive,  this  scale-up  was  necessary  to 
ensure  that  the  gtKxl  results  seen  in  the  0,2?  inch  (O.M  em)  thick  panels  could  be  repeated 
in  pieces  of  material  that  were  clo.scr  in  size  to  real  railgun  insulators,  The  compositions 
of  the  consolidated  bl(Kks,  measuring  4  x  b  x  1,?  in,  (10,2  x  20,4  x  3.b  cm)  in  size,  arc 
shown  in  Table  6,2  along  with  measurements  of  theirdensity.  Also  included  are  the  density 
values  for  an  additional  block  of  even  larger  size  that  is  discussed  later. 


TABLE  6,2  •  CompoRltloni  and  Qenittiai  of  Scaled*Up  Blocks  of  Advanced 
Caramic  Composite  Insulators  For  Electromagnetic  Launchers 


Oafiol 

ID 

Size 

(inches) 

Contposilion 
(wl.  %) 

Density 

(g/cc) 

%  ol 

Theoretical 

Density 

4-3(,G  2 

1,5x4xB 

AI,Oi-5,OZfO,-0.25YA  ’  5  0Cr,O, 

4.120 

99.4 

4'3CiO  2 

1.&K4X0 

SidC-8  OYA  1  0AI,,O,  •  1f>.0SiC„ 

3.2C5 

99. G 

4-392-1 

1  5x4x13 

Aip,-5  OZrO^-0  25YA  '  £<  OCf  A 

4  134 

99.6 

'I  wclve  dilleivnt  MtKliihis  ol  Kupiuie  (MOK;  bars  and  lour  liacturc  toughness  speci¬ 
mens  were  cut  Itom  each  block,  'I  bis  tmmher  ol  M(,)l(  bars  was  sufficient  for  a  valid 
deici'ininatioii  of  Weibull  modulus,  'Hie  average  M(JK  strengths  for  the  thicker  panels 
svere  lov/er  ibO.O  kpsi  (614  Mlho  vs.  b?,l  kpsi  (.?b7  Ml’a)|  iiiul  2,4^;,  lower  ( 127. b 
kpsi  (Hbl  MI’aj  vs,  I24,7kp>i  (H(t0  Ml’a))  lor  the  alumina  tmil  silicon  nitride  matrix 
maieriiils  respectively  ihaii  I'  "the  thinner,  previously  consolidated  panels,  This  reduction 
is  tiCLepiable  loi  use  as  the  boic  insuhilor  in  advanced,  full  scale,  electromagnetic 
lautichers,  The  liactiire  toiigtin;ss  value*,  lor  the  thicker  panels  weie  4,4'/(  lower  (6,b  vs, 
(i  ?  Ml’a*m'''';  ;ind  ‘;,b'/f  lower  iy.2  vs,  b.3  Ml'tmii'’')  than  lot  the  thinner  A1 /J,  and  Si,Nj 
panels,  Again,  this  lediiction  is  aeee|>taltle  In  terms  of  ilie  goal  properties  outlined  in 
Chapter  4, 

iLiseil  on  the  sijecessi  ul  restill  ol  the  scale  up  just  desci  ihed,  a  secemd  scale-up  to  a  1 
X  4  ,s  18  inch  (3,8  .x  It).?,  ,s  4((tinj  m/c  block  was  carried  out  with  the  iiUimina-chromia 
composition.  'I  he  leasons  lot  (he  selection  of  this  maierial  im  the  lin;i!  sc^'le-i.p  will  be 
cs|>l,imeil  III  detail  in  the  next  :.ecii»»ii,  6,2,  This  jinal  size  ( 1 .?  x  4  \  18  in,)  is  representiiiive 
(»)  the  insiilatoi  segineiil  size  needed  lot  dO  oi  1 20  mm  bore  staie-ol  the  -art  IlMl  ,s,  .Shown 

jM  ih'.*  Li  1 : 1 ! iUI  lliC  M';  *.M  1!!L  !  hi.*  Ll!Vw! 

Iiaiiine  louglmess  lest  results  ate  shown  in  Table  6.3  and  compared  to  the  best  results 


from  previous  thin  panels.  The  comparison  of  propenies  in  the  long  and  short  axis 
directions  of  the  full-sized  alumina  block  demonstrates  that  the  material  is  isotropic,  with 
no  significant  differences  between  the  two  orientations. 


Figure  6.4  Cutting  map  tor  mechanical  test  specimens  trom  lull- sized  1.5x  4  x 
Win.  (3. 8x  10.2x45.7  cm)  alumina-zirconia-chromia  insulator  block. 


Selected  mechanical  test  specimens  that  had  been  cut  from  the  full  sized,  advanced 
ceramic  composite  insulator  test  block  and  tested  were  examined  utilizing  scanning 
electron  microscopy  (SEM).  The  SEM  analysis  revealed  a  very  uniform  microsiructure 
consisting  of  small  grains  and  an  even  distribution  of  chromia  within  the  structure.  No 
evidence  of  porosity  was  found.  This  microstructural  description  is  the  same  as  that  seen 
in  the  0.25  in.  (0. 6.^.5  cm)  thick  previously  conso  idated  panels.  Shown  in  Figure  6.5  is  a 
typical  microgiaph  ot  the  l  ull  scale  block,  depict  ig  the  unifomi,  small  grain  size  with  no 
(■''idence  of  porosity. 
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TABLE  6.3  -  Results  of  Modulus  of  Rupture  and  Fracture 
Toughness  Tests  on  Scaled-Up  Advanced  Ceramic  Insulator  Materials 


Comp¬ 

osition 

No. 

Panel 

ID' 

Size 

(in.) 

Average 

MOR 

Strength 

kpsi 

(MPa) 

Weibull 

Modulus 

Average 

Fracture 

Toughness 

kpsi-in’’^ 

(MPa-m’'^) 

10. 

4-329-5 

Alumina-based 

8  X  0  X  0.25 

89.0  (614) 

23.6 

6.2  (6.8) 

10. 

4-365-2 

1.5  X  4x8 

85.1  (587) 

25.2 

5.9  (6.5) 

10. 

4-392-1 

1 .5  X  4  X  18  (Long  Axis  Properties) 

02.5  (569) 

20.1 

5.8  (6.4) 

10. 

4-392-1 

1.5  X  4  X  18  (Short  Axis  Properties) 

82.7  (570) 

19.8 

5.8  (6.4) 

22. 

4-340-2 

Silicon  Nitride-based 

8  X  8  X  0.25 

127.8  (881) 

20.6 

8,4  (9.2) 

22. 

4-366-2 

1.5  X  4  X  8 

124.7  (860) 

17.8 

7,6  (8.3) 
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K.  1 


10  microns 

Figure  6.5  Representative  micrograph  of  alumina-chromia  block  consolidated  to 

demonstrate  retainment  of  mechanical  properties  in  full  scale  pieces. 
Evidence  of  mixed  mode  failure  is  shown  by  sharp  grains  (Intergra¬ 
nular)  and  arrows  indicating  areas  of  transgranular  failure  (and  thus 
high  toughness),  (3.500X) 


6.2  Electrical  Testing 

Three  types  of  liijjh-voliajie,  tiigli-ciirienl  electrical  tests  were  used  to  evaluate  the 
materials  studied  in  this  projiram.  Conductor  materials  were  subjected  to  stationary 
electrode  arc  erosion  tests,  and  rottiting  arnuiture  tire  erosion  tests.  Insuhitor  mtiierials 
were  suitjected  to  ;i  surl'ace  discharge  switch  (SDS)  .arc  erosion  tests.  Tlie  testing  of 
insulator  tnaterials  comprised  the  largest  part  of  the  electrietd  testing  done  during  the 
program. 
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6.2.1  Candidate  Ceramic  Insulator  Materials 

All  of  the  electrical  testing  of  insulator  materials  was  performed  by  the  Pulsed  Power 
Laboratory  of  the  Electrical  Engineering  Department  of  Texas  Tech  University  (TTU) 
in  Lubbock  Texas  under  subcontract  to  SPARTA.  The  Texas  Tech  surface  discharge 
switch  (SDS  III)  testing  device  uses  two  electrodes  placed  on  the  surface  of  the  tested 
insulator  block  one  inch  (2.54  cm)  apart. The  SDS  III  is  connected  to  a  capacitor 
bank,  and  is  contained  within  a  chamber  which  can  be  operated  in  a  vacuum  or  under 
controlled  atmosphere.  A  schematic  diagram  of  the  testing  system  is  shown  in  Figure 
6.6,  and  drawings  of  the  capacitor  bank  and  the  surface  discharge  switch  itself  are  shown 
in  Figure  6.7.  Photographs  of  the  testing  system  are  presented  in  Figures  6.8  and  6.9. 
The  electrodes  are  driven  up  in  voUage  and  discharged  at  about  25  kV.  This  is  cycled 
until  the  surface  of  the  insulator  will  no  longer  hold  off  a  predetermined  amount  of 
voltage  or  until  a  certain  number  of  pulses  have  been  fired  at  about  1  Hz. 
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Containment  Vessel 


to  ground 


Figure  6.6  Schematic  diagram  of  the  SDS  III  test  facility  at  Texas  Tech 
University. 
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Capacitor  Bank 


High  Voltage  Plate 


Close-up  View  Of  Switch 


Figure  6. 7  Drawings  of  the  capacitor  bank  and  the  surface  discharge  switch 
used  for  testing  insulator  materials. 
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The  first  insulator  arc  erosion  tests  were  conducted  on  the  NEMA  "G"  scries  of 
electrical  insulation  grade  fiberglass-reinforced  polymer  composites.  Figure  6.10 
illustrates  the  results  of  these  tests  conducted  on  G-7,  G-9,  and  G-IO.  In  all  these  tests 
the  initial  discharge  current  was  3(K)  kA  (simulating  expected  railgun  environments)  at 
1  pps  (pulses  per  second).  The  performance  of  these  materials  provides  a  baseline 
against  which  to  compare  the  advanced  ceramics  that  were  studied  in  this  program. 
These  NEMA  “G”  grade  materials  are  already  in  widespread  use  as  railgun  bore 
insulators,  as  described  previously  in  Section  1.1. 


NUMBER  OF  SHOTS 


Figure  6.10  Surface  breakdown  voltage  as  a  function  of  number  of  discharges 
for  tested  railgun  bore  insulator  materials.  Current  level  of 
approximately  300kA  with  pulse  repetition  rate  of  1  Hz. 

It  can  be  seen  that  the  G-9  and  G-IO  materials  behaved  exactly  as  expected.  The 
cleanly  ablating  G-9  material  dropped  only  slightly  in  breakdown  voltage  over  the  14 
pulses  to  which  it  was  exposed.  Much  of  the  effect  seen  was  probably  due  to  thermal 
effects  caused  by  the  1  Hz  pulsing.  The  breakdown  voltage  was  about  30  kV/in.  (12 
kV/cmj.  The  G- 10  material  dropp^’d  from  36  kV  to  5.2  kV  after9  pulses  due  to  fonnation 
of  conductive  residue  on  its  surface. 

Shown  in  T  able  6.4  are  the  results  from  the  tests  conducted  on  the  first  six  ceramic 
insulator  materials  examined  in  this  test  .series.  Some  of  these  materials  were  purchased 
in  consolidated  fonn  from  outside  vendors,  and  others  hot-pressed  by  SPARTA  at 
Cercom.  As  the  table  shows,  five  of  the  materials  held  off  only  one  discharge,  and  were 
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unable  lo  stand-off  the  voltage  foi  a  second  shot.  The  sixth  material,  AKOj  -  25%  SiC,^,, 
held  off  the  full  test  sequence  of  pulses  (over  UK)).  The  whisker  reinforced  alumina 
maieriul  was  tested  with  both  molybdenum  and  Cu-W  electrodes  W'ith  similar  results. 
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Shown  III  |‘i):urcii  6.11  (hroti^lt  6.14  nu*  ri'prcsciiiiitivc  mit:ro>truc:iurcs  of: 
iraiisfomiiiUoii-ioii^ilK'iicd  J'lrtoiiia  (Tl“/  hy  (\H»rs  Ceramics;,  partially-  stabilized  zir- 
toniii  (I'S/,  by  Nilcra  Inc.),  and  ziiconla-iiliimina  ('r/,4Y  by  Ccramaicc  Inc,)  all  after 
(iiic  piiUe,  and  Al/;,  ■  ly/i  Si(‘*  aftci  16()  pulses.  All  of  the  miei()p,i'aphs  were  taken 
at  2(X)X,  As  the  micrographs  show,  thcie  is  a  fine  network  of  cracks  on  the  first  three 
matctials  after  a  single  pulse,  'i'hesc  networks  arc  identical  in  appearance  to  those 
seen  on  the  exposed  surfaces  of  advanced  ceramics  tested  by  SPAK  I A  in  a  railgun  at 
the  Army  Uiillisiic  Kesearch  ),aboraiory  in  Aberdeen,  Maryland,^'  This  substantiates 
the  observation  that  the  art  exposure  test  fixture  at  ITU  is  a  good  simulation  of 
t.iilgun  arc  exposure  damiige,  J  igiirc  (•14  shows  the  optical  microstructure  of  the 
fcurlace  of  the  AI,U,  =  SiC,  material  alter  166  pulses  No  crack  network  is  seen 
ill  2(X)X,  althiaigh  SI.M  might  have  revealed  one, 

I  he  hist  llifcc  iiiateiials  weic  uiiahlc  !(•  t!olil  oil  the  voltage  lor  a  second  pulse,  'I  he 
p(K)i  stand  oil  voltage  leslsiance  Is  a  lesult  ol  toiination  ol  a  thin  conductive  layer  of 
/ireunium  inelal  on  the  surlace  due  to  decomposiiiiin  of  the  zirconia  in  the  ceramic, 
lictiiuse  ol  the  pcioi  ek'ctiital  petloimanee  ol  the  ziiconiii  based  ceramics,  these 
iiiaieruiN  wcie  duipped  liom  coiistdcialion  in  the  prt»giam,  /iiccHiia  ceramics  are 
umoiig  the  slfongcsi  and  toughest  availahlc,  so  it  was  with  some  reluctance  that  they 
weie  abaiidoneil  It  was  vciy  tleai,  howevei.  that  they  could  not  wiihsiaiid  arc  exposure 
add  iciaiM  Ihci!  suilave  voltage  slandoll  capahiliiy, 


tigiifOO  II  rhuU'iun /ooi.ipii  L'l  thf  caiio'Ji.'lI  ol  Udi)i.lon))i]Uon 

(///  by  Cooi:,  Cvrunucb)  attvi  one  puisc. 

roox 


Figure  6.12  Photomicrograph  of  the  exposed  surface  of  parliaHy-stabilized 
zircortia  (PSZ  by  Nilcra,  Inc.)  after  one  pulse.  200X 


Figure  6. 13  Photomicrograph  ol  the  exposed  surface  of  alumina-zirconia 
(TZ3Y  by  Ceramatec,  Inc.)  after  one  pulse.  200X 


95 


Figure  6.14  Photomicrograph  of  the  exposed  surface  of  alumina  <’  SiC„ 
after  166  pulses.  200X 

The  next  series  of  materials  that  were  evaluated  iit  the  .SIJ.S  111  apparatus  were  cm 
from  the  6  x  6  x  0,25  inch  (13  x  15  x  0.64  cm)  ceramic  panels  hot  pressed  (or  Sl'AKTA 
by  Cercom,  Inc,  (Tables  3,3  and  3,4),  These  consisted  of  two  silicon  nitride-based 
compositions,  and  two  aluminum  nitride-based  compositions.  All  of  these  nraterials 


the  first  arc  pulse,  A  summary  of  these  results  are  presented  in  rahle  6,3, 


TABLE  6.5  —  Insulator  Surface  Breakdown  Data 


Material 

Lifetimo 

Ininai 

Breakdown 
Voltage  (kV) 

ininai 

Breakdown 
Current  (kA) 

SijN,  -  10V/O  SiC,, 

1 

17,28 

192  7 

SbNn  -  8  Y2O3  -1  AlpOj 

1 

24,32 

271,2 

AIN-0.4  YjOi  -  25v,'o  SiC« 

1 

24,96 

278,3 

AIN  -  0,4 

1 

34  56 

385,3 

'I’lie  values  ol  the  AIN  matrix  inaterials  (with  or  wiiliuui  the  silicon  cailndr 
wTiiskcrs)  wcic  vciy  ,  arid  it  Wii-,  .SfCii  hy  Aupci  aiia!y^i;>  tfiiit  itic  lire  had  dCii/iiipuivd 
the  AIN,  forming  alumiiumi  metal  on  the  siirlace  and  iliasiieally  loweiinp  (oi  shoii 
cireuiiinj^)  the  breakdown  voliape.  These  results  caused  the  AIN  haseil  cciiimic  male 
rials  to  be  dropped  rroin  liirther  consideniliiMi  in  the  i  i'upianj 
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At  this  point  in  (Ik  dcctricul  tcsiint;  of  the  advanced  ceramic  insulator  materials, 
it  was  decided  that  the  rather  arbitrary  level  of  70%  of  initial  applied  voltage  cut-off  was 
t(H)  severe,  It  was  felt  that  the  silicon  nitride  results,  for  example,  might  have  had  an 
initial  drop-off  greater  than  30%  in  breakdown  voltage,  but  still  be  above  the  2kV/cm 
value  for  railgun  operation  on  sub.scqiicnt  pulses,  Thus,  later  SDS  111  tests  were  taken 
to  a  greater  number  of  pulses  and  maps  were  made  of  the  breakdown  voltage  versus 
pulse  nuntber  for  every  pulse, 

A  fifth  conrposiiinn  in  this  same  series,  silicon  nitride  -  30%  mullitc,  was  also  tested, 
but  it  resisted  arcing  to  such  a  great  extent  that  it  surpassed  the  peak  voltage  capability 
of  the  testing  system  after  the  third  pulse.  The  rcsult.s  of  this  test  arc  shown  in  Table 
6,6,  'I'his  was  the  only  specimen  tested  in  the  entire  program  that  showed  progressively 
increasing  arcing  resistance  alter  each  pulse.  Unfortunately,  the  materiars  mechanical 
performance  was  not  ei|ually  otitstartding.  With  an  average  MOR  strength  value  of  only 
63  kpsi  (434  MRa;  and  a  low  Weibull  modulus,  the  material  was  eliminated  from  further 
consideration,  A  sixth  material  that  was  tested,  silicon  carbide  •  30%  mullitc, exhibited 
tjuiie  (he  opfiositc  behavior  from  the  silicon  nitride,  imd  was  too  I'onfluctive  to  be 
measured, 


TABLE  6,6  —  Initial  Tetl  Results  of  Surface 
Breakdown  for  SI}N„ '  30%  Mulllte 

Shot «  flroakdow'i  Voltage  (kV/ 

1  32.6 

2  34  0 

a  37  5 


'Mie  four  materials  con.’-olidaied  iluring  Hot  P(es>  Kim  fl4  were  testetl  next,  .Sht)wp 
in  I'igtite  fr I iu e  ilte  terul's  lonn  tbesc  f(n.u  iv,si''  along  with  v\diies  ttom  ,i  sectrnd 
s|)i'cimen  ol  ,Si,Nj  ■  30  v/o  luiillilc  material  Horn  hot  |)iess  run  ff2  and  the  Al,,(7,  -  257f, 
material  dial  !iad  been  tested  previously.  I'lots  are  displayctl  which  show  the 
breakdown  voltage  recorded  lor  each  arc  ,K:ross  a  given  insulator  for  a  least  1(K)  shots 
per  test,  As  (he  figure  demoii.*, nates,  all  six  materials  reiaiiietl  voltage  siandofis  above 
2  kV/cm  even  after  100  i'/iilsi.'s,  Mucliof  the  (»l;scrved  drop  in  voltage  standoff  capability 
is  line  (o  iliciinal  cliccis,  as  die  spi.cimens  beat  up  due  to  the  aa'ing  across  them,  After 
allowing  the  speciiueii  in  coni,  die  stainloll  voltages  (>ften  retiiin  to  levels  very  close  to 
ilieii  oogiiml  values 
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response  of  ceramic  insulator  materials  to  repeated  arc  exposures.  Surface  standoff  voltage  is 
ed  for  each  arc  pulse  in  a  series  of  100  for  six  different  materials. 


Shown  in  Figures  6.16  through  6.20  are  typical  surface  microstructures  of  the 
ceramic  materials  with  codes  483-2, 483-3,  484-4,  484-3,  and  440-1  after  exposure  to 
more  than  100  arc  pulses  in  the  SDS  III  facility.  As  Figure  6.16  shows,  the  AI2O3  +  0.25 
Y2O3  +  8  ZrOj  (483-2)  experienced  the  greatest  amount  of  thermal  shock  microcracking 
of  the  four  alumina  based  specimens.  The  addition  of  5%  Cr203  (483-3)  to  the  materials 
(Figure  6. 17)  did  not  appreciably  reduce  the  amount  of  microcracking,  The  addition  of 
25%  volume  SiC  platelets  (484-4)  to  the  material  (Figure  6.18)  resulted  in  a  smaller 
crack  network  but  the  appearance  of  a  large  number  of  nodules  on  the  surface,  pres¬ 
umably  silicon  metal  from  decomposed  SiC.  When  the  SiC  was  added  in  the  smaller 
form  of  whiskers  (484-3),  no  crack  network  could  be  re.solved  at  400X  (Figure  6.19) 
but  metallic  nodules  were  still  present  on  the  surface,  However,  ihe.se  metallic  nodules 
do  not  link  up  and  the  materials  still  retain  standoff  voltage  of  about  2.5  kV/cm  after 
more  than  1(X)  pulses.  Figure  6. 1 6  illustrates  that  the  alumina  materials  reinforced  with 
25%  SiCw,  25%  SiC  (platelets)  and  30%  SiC,„  are  somewhat  lower  in  standoff  voltage 
than  the  AI2O}  based  ceramics  without  SiC  included.  This  is  most  likely  due  to  the 
presence  of  the  metallic  nodules  on  the  surface  which  act  as  enhanced  breakdown  sites, 
however,  the  standoff  voltage  is  still  considerable. 

The  microstructure  of  the  Si3N4  -  30v/o  mullite  material  (440-1)  is  shown  in  Figure 
6.20.  No  microcracking  is  seen  at  the  4(K)X  magnification,  although  numerous  silicon 
rnetal  nodules  are  present.  Despite  the  pre.sence  of  the  silicon  metal  nodules,  the  .standoff 
voltage  is  still  above  8  kV/cm  even  after  more  than  100  pul.ses.  The  effect  of  mullite 
on  the  retention  of  high  voltage  standoff  on  Si3N4  based  ceramics  is  a  new  and  surprising 
observation.  As  shown  in  Figure  6. 1 5  both  grades  of  unreinforced  Si3N4  rapidly  dropped 
in  voltage  standoff  to  values  below  1  kV/cm.  The  low  MOR  strength  and  Weibull 
Modulus  of  this  composition  makes  the  material  unsuitable  forrailgun  applications,  but 
this  discovery  may,  nevertheless,  prove  to  be  of  value  in  other  areas. 
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Figure  6.16 


Figure  6.17 


Micrograph  of  Al^OyO.PS  Y2O3-8  ZrO^  (483-2)  After  Exposure  to 
Greater  Than  100  Pulses  in  Arc  Test  Facility.  Microcrack  network 
and  limited  spalling  is  seen.  400X 


Micrograph  of  AI^Oj-SZrO^-O.PSY^Oj-SCrpOy  (483-2)  after  expo¬ 
sure  to  greater  than  100  pulses  In  arc  test  facility.  Microcrack 
network  and  limited  spalling  is  seen.  400X 
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Figure  6.18  Micrograph  of  AI,Oy0.25Y^O3-8ZrO^  -  25v/o  SiC  (platelets)  (4S4-4) 
after  exposure  to  greater  than  100  pulses  in  arc  test  facility. 
Microcrack  network  and  metallic  nodules  (Si)  are  seen.  400X 
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Figure  6.19  Micrograph  of  Al20y0.25Y203-8ZrO!-30  v/o  SiC^  (484-3)  after 
exposure  to  greater  than  100  pulses  in  arc  test  facility.  No  micro¬ 
crack  network  is  seen,  but  metallic  nodules  (Si)  are  present  400X 
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Figure  6.20  Micrograph  of  Si^N^-SOv/o  muHite  after  exposure  to  greater  than 
100  pulses  in  arc  test  facility.  No  microcrack  network  is  seen  but 
silicon  metal  nodules  are  present.  400X 

The  most  important  series  of  insulator  breakdown  tests  were  those  that  were 
conducted  on  specimens  cut  from  the  developmental  8  x  8  in.  (20.3  x  20.3  cm)  panels. 
These  panels  were  the  highest  quality  panels  made  during  the  program  with  the 
culmination  of  the  improvements  in  ceramic  powder  blending  and  processing  parameter 
(time,  temperature  and  pressure)  development.  This  was  especially  true  of  the  chromia 
containing  alumina  materials,  which  earlier  in  the  program  (as  shown  in  Figure  6.15) 
evidenced  electrical  breakdown  behavior  similar  to  alumina  without  any  chromia 
addition.  The  earlier  panels  (cut  from  the  6  x  6  in.  (15.2  x  15.2  cm)  panels)  were 
subjected  to  EDAX  elemental  mapping  which  showed  the  chromia  was  pre.sent  as  large 
scattered  clumps  in  the  alumina.  Optimized  blending  operations  resulted  in  EDAX 
chromia  maps  that  were  completely  uniform  with  the  chromia  in  solid  solution  in  the 
alumina  matrix.  This  improved  blending  resulted  in  improved  electrical  characteristics. 
The  results  from  twelve  different  materials  cut  from  the  developmental  8x8  in.  (20,3 
X  20.3  cm)  panels  are  presented  in  Figures  6.21  through  6.24, 

The  most  striking  point  that  is  apparent  from  comparing  these  graphs  is  that  the 
silicon  nitride-based  materials  arc  almost  an  order  of  magnitude  lower  in  breakdown 
voltage  than  the  alumina-based  materials  (notice  the  different  scales  used  on  the  voltage 
axis  in  the  plots).  The  pcx)r  performance  of  the  SijN^  is  due  to  the  fomiation  of  nodules 
of  metallic  silicon  on  the  surface  of  the  material  during  the  passage  of  the  first  arc.  The 
second  salient  feature  of  the  comparison  is  that  the  presence  of  silicon  carbide  whiskers 
significantly  degrades  the  holdoff  resistance  of  the  alumina.  It  appears,  then,  that  it  will 
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not  be  possible  to  take  advantage  of  the  significant  toughening  effect  confen-ed  by  these 
whiskers.  The  semiconducting  nature  of  the  SiC  greatly  reduces  the  voltage  standoff 
capability  of  the  ceramic  composite  material.  This  series  of  arc  exposure  tests  led  us  to 
conclude,  therefore,  that  no  materials  containing  either  silicon  nitride  or  silicon  carbide 
could  be  used  as  bore  insulators  because  of  their  poor  surface  voltage  standoff. 

As  discussed  previously,  the  value  of  standoff  voltage  necessary  for  operation  of 
present  or  near-term  railguns  is  in  the  0.5  to  2  kV/cm  range.  For  some  types  of  solid 
armature  guns  the  required  standoff  voltage  may  drop  to  500  Volts,  even  for  large  guns 
(90  mm  bore  diameter).  Thus  the  required  voltage  standoff  may  be  as  low  as  1 50  V/cm, 
and  materials  based  on  SijN^  may  be  acceptable  as  bore  insulators  and  certainly  as 
backup  insulators  for  these  types  of  guns. 

A  summary  of  the  voltage  breakdown  behavior  of  the  major  advanced  ceramic 
insulator  materials  is  summarized  in  Figure  6.25.  The  major  conclusion  to  be  derived 
from  the  electrical  arc  testing  is  that  the  chromia  containing  alumina  materials  posses.sed 
the  best  voltage  standoff  resistance  of  any  of  the  materials  (except  for  the  mechanically 
inferior  mullite  materials).  As  can  be  seen  the  chromia  containing  alumina  material  has, 
on  the  average,  a  two  to  three  kV/crn  better  breakdown  voltage  than  the  alumina  material 
without  the  chromia.  In  addition,  the  pre.sence  of  the  silicon  carbide  whiskers  in  the 
alumina  material  further  reduces  the  breakdown  voltage  another  two  to  three  kV/cm. 
The  silicon  nitride  material  (reinforced  with  silicon  carbide  whiskers)  was  taken  to  over 
350  shots,  and  still  possessed  approximately  1  kV/cm  surface  breakdown  voltage 
breakdown  strength.  Based  on  these  ob.servations,  coupled  with  the  results  of  the 
mechanical  tests,  the  chromia  containing  alumina  material  was  chosen  as  the  compo¬ 
sition  to  be  scaled  up  to  the  final  1.5  x  4  x  18  in.  (3.81  x  10.16  x  45.72  cm)  size  block. 
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Breakdown  Strength  (kV/cm)  Breakdown  Strength  (kV/cm) 


AljOj-O.SSYjOj  8  OZrOj 


AljO3-0.25YjO3-8.0ZrO,-8CrA 


c)  Shot  Number  Shot  Number 


AI,O,-0.25Yp,-8  OZrO--2Urp3 


Silui  NUiituGr 


Figure  6.21  Voltage  holdoff  degradation  performance  of  alumina-chromia 
materials,  a)  4-253-4,  b)  4-253-6.  c)  4-253- 1 .  d)  4-253-5.  e)  4-253-3 
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Breakdown  Strength  (kV/cm)  Breakdown  Strength  fkV/cn) 


Si,N,-8  OYjOj  ■  1  OAljOj- 1  Sv/oSiC, 
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Figure  6.22  Voltage  holdoff  degradation  performance  of  silicon  nitride  /  SiC^ 
materials  4-265-3.  b)  4-265-4.  c)  4-258-6,  d)  4-265- 1.  e)  4-265-5 
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Figure  6.23  Voltage  holdofi  strength  versus  number  of  pulses  for  AlpOy 
15ZrOx35%StC^  (AMI008-1) 


8Y.0,  1AI,.0,  r35%SiC^  (S  340-2) 
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6.2.2  lUeclrical  Testing  of  Other  Insulator  Materials 

I^urini:  the  course  of  ihc  contract,  various  electrical  breakdown  tests  were  performed 
at  'I'j'U  on  u  variety  of  insulatin}:  materials  besides  those  that  were  candidate  ceramic 
bore  insulaiiiiit  materials,  'rhesc  tests  included; 


•  liffect  of  ultraviolet  radiation  (in  surface  breakdown 

•  hffcct  (»f  UV  absorber  material  on  surface  breakdown  resistance 

•  lireakdown  .strength  of  conventional  monolithic  ceramics  including 

mullite,  cordierite  and  steatite 

•  A  liniitcd  investigation  of  four  different  advanced  polymeric  insulating 

materials 

•  Mcasiitemeiits  of  the  voltage  stantloff  properties  of  pure  alumina  and 

two  giailes  ol  commonly  used  glass-mica 


'I  hcse  materials  arc  ol  interest  to  areas  of  the  railgun  that  are  not  exposed  to  the  arc 
erosion  or  the  abrasion  and  imp;ict  damage  from  the  projectile,  and  thus  were  included 
in  the  program. 

The  rcseaivli  team  at  Texas  'I'cch  conducted  a  series  of  experiments  to  elucidate  the 
role  ol  ulira'  iolel  ladiation  in  surface  arcing.  When  an  arc  crosses  a  material,  it  emits 
intense  uliraviolet  radiatimi  which  may  produce  chemical  degradation  of  the  material’s 
surlace  wliich  reduces  its  clectrie;il  resistance,  Shown  in  Tigure  6.26  is  the  ultraviolet 
speciiuin  of  typical  graphite  and  molybdenum  electrodes.  As  can  be  seen,  the  molyb¬ 
denum  electrodes  emit  about  40  to  50'/(  higher  ultraviolet  (UVj  radiation  intensity  than 
the  graphite  electrodes.  A  CJ  If)  insu!at(>r  can  survive  up  to  three  times  as  many  arcs 
w'hen  the  electrodes  are  gra(ihite,  as  opposed  to  iiiolybdeniim.  It  is  hypothesized  that 
the  reason  fin  this  is  the  harslier  UV  speetrnm  of  the  molybdenum  electrodes  lead  to 
stirlace  dainage  which  lowers  the  voltage  standoff  strength  of  the  G-10.  An  alternative 
explanation  might  he  that  molyhdenum  is  vaporized  during  arcing  and  condenses  onto 
the  msiilaioi  siirlaccs,  rendering  them  more  conductive, 
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Figure  6.26  Spectrum  intensity  vs.  wavelength  (UV  region)  tor  molybdenum 
and  graphite  electrodes 

It  was  further  hypothesized  that  a  UV  absorber  material  could  be  used  to  protect  the 
surface  from  the  UV  degradation.  The  commonly  used  organic  material,  benzophenone 
dissolved  in  ethanol,  was  used  to  treat  the  insulator  surfaces.  The  test  insulators  were 
soaked  in  the  benzophenone  solution,  dried,  and  subsequently  tested.  The  test  result.s 
for  untreated  and  treated  G-IO  with  molybdenum  electrodes  and  untreated  G-IO  with 
graphite  electrodes  is  shown  in  Figure  6.27.  The  lifetime  of  the  G- 10  with  molybdenum 
electrtxles  was  increased  by  almost  a  factor  of  three  by  treating  the  surface  of  the  G- 10 
with  the  benzophenone.  Also  shown  for  reference  is  untreated  G-10  with  graphite 
electrodes  illustrating  the  greater  voltage  standoff  capability  of  the  G-10  with  graphite 
electrodes. 

Limited  tests  were  also  performed  on  TTZ  (transformation-toughened  zirconia) 
insulators.  This  material  withstood  only  one  pulse  in  the  voltage  stand-off  test.  After 
soaking  in  the  benzophenone,  it  survived  two  pul.ses.  The  benzophenone  probably  forms 
a  molecular  monolayer  on  the  surface  of  the  ceramic,  but  does  not  penetrate  into  it.  It 
would,  therefore,  be  expected  to  ablate  away  during  the  first  arc  exposure.  Zirconia 
ceramics  had  been  previously  di.squalified  from  the  program  on  the  basi;,  of  their  poor 
surface  voltage  standoff  performance. 
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Figure  6.27  [-.fleet  of  graphite  vs.  motybdonuni  clectroaos  imd  treating  ot  G  1 0 
with  ben/ophonone  on  the  voltage  stand-oil  capability  ot  G-lO 
insulators 

Tlic  electrical  testing  also  iticUulcd  stunr  ‘'conveniioiiar'  ceraniii'  matcn.ils  in 
addition  to  the  ciistom-fomiulaicd  ‘'advanced"  ceramics.  'I  liesc  materials  were  imilliie 
(aluminum  silicate),  cordieritc  (magnesium  aliimimim  silicate),  and, sieaiilednagncsiutn 
silicate).  These  materials  arc  commonly  used  as  electrical  insulators  it)  less  demanding, 
lower  voltage  applicatio  Data  from  these  tests  is  presented  in  Taltle  6,7,  ()raj>lis  of 
the  standoff  voltage  as  a  I  unction  of  the  number  of  tire  pulses  are  plotted  in  l  igures  (),2S 
through  6,30,  All  three  materials  retiiined  subsiiimial  holdofl  strengtli  Iteyond  lOt) 
cycles,  'I'he  steatite  dropped  below  70'/fol  its  initial  hokhtff  strength  at  ter  just  2K  cycles, 
however.  The  petTtirmaiice  ol  the  mullite  is  similar  to  the  lesults  seen  with  the  silicon 
nitride-3()7f.  mullite  material  tested  previously.  If  electrical  petlorniance  alone  deter¬ 
mined  the  selection  of  a  railgun  insulator  material,  mullite  would  be  a  leadirtg  candidate. 
However,  this  material  has  very  low  MOK  strength  and  fraciure  toiijdiness.  so  it  dots 
not  irierit  Uirther  consideration, 
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Hoi  doff  Strength  rk'//c*5 


TABLE  6,7  —  Arc  Exposure  Data  on  Three  Conventional 
Engineering  Ceramics 


Muliite 

Cordierite 

Steatite 

Elocirodo  Material 

Mo 

Mo 

Mo 

Litoilmo ' 

>137 

100 

28 

Initial  Breakdown  Voltage 
(kV/cm) 

9.45 

7.81 

13,86 

Initial  Breakdown  Current 
(kA) 

269 

222 

394 

Avere  je  Pulse  Rale  (Hz) 

0.6 

0.8 

0,7 

Weight  Loss  ot  Insulator  (g) 

0.25 

0.25 

0,17 

Weight  Loss  ol  Electrode  (g) 

006 

0.02 

0,05 

'  Liiotfmo  IS  delinod  as  the  number  ot  shots  required  to  reduce  the 
holdoM  voltage  to  70%  ol  the  initial  breakdown  voltage 


Figure  6.23  VoHugc  holdall  rocovory  bolmvioi  ol  mullito  ceramic  as  measured 

al  SDS  III  lacil'ty  at  TTIJ 
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Hoi  doff  Strength  CkV/cm3  c  Hoi  doff  Strength  [kV/ctnl 


?  6.29  Voltage  holdoff  recovery  behavior  of  cordierite  ceramic  as  mea¬ 
sured  at  SDS  III  facility  at  TTU 


Figure  6.30  Voltage  holdoff  recovery  behavior  of  steatHe  ceramic  as  measured 

at  SDS  III  facility  at  TTU 
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A  variety  of  other  commercially  available  insulating  materials  was  also  studied  to 
determine  their  high  voltage  surface  standoff  capabilities.  These  tests  examined  both 
polymeric  and  ceramic  materials. 

Four  different  advanced,  state-of-the-art,  organic  insulating  materials  manufactured 
by  the  Polymer  Corporation,  Reading,  PA,  were  tested  in  the  standing  arc  SDS  III 
electrical  test  facility  as  shown  in  Table  6.8.  One  material,  Celezole  U-60,  became 
conductive  after  a  single  pulse,  most  likely  due  to  formation  of  conductive  carbon 
containing  soot  on  its  surface.  The  other  three  materials  were  tested  to  approximately 
100  shots  and  the  results  are  shown  in  Figures  6.31  through  6.33.  It  is  difficult  todirectly 
compare  the  results  of  the  organic  insulator  materials  with  those  of  the  ceramics  because 
of  the  much  lower  thermal  conductivity  of  the  organic  insulators.  The  tests  were  per¬ 
formed  at  a  frequency  greater  than  1  Hz  and  thus  heat  build  up  occurred.  The  ceramics, 
which  have  a  much  higher  thermal  conductivity  and  temperature  resistance  capability, 
are  able  to  withstand  a  larger  number  of  pulses  without  overheating  their  surfaces.  The 
organic  materials  tended  to  overheat  and  degrade  faster  than  if  their  surfaces  were  kept 
cool  between  pul.ses,  however,  a  useful  comparison  can  still  be  made  between  the  dif¬ 
ferent  organic  insulators. 


TABLE  6.8  — •  Results  of  SDS  Standing  Arc  Tests  of  Advanced 
Organic  insulator  Materials 


Material 

Trade  Name 

Material 

Composition 

Result 

Mass 

Loss  (g) 

Celezole 

U-60 

unknown 

Conductive  after  1 
pulse 

— 

Torlon  4203 

polyamide-imide 

Dropped  to  2  kV/cm 
after  75  pulses 

0.07 

Ultem  1000 

polyetherimide 

Dropped  to  5  kV  after 
110  pulses 

0.22 

Ultem  4001 

polyetherimide 

Cycled  between  2  and 
9  kV/cm  up  to  85 
pulses 

0.09 

The  Torlon  (polyamide-imide  resin)  grade  4203  material  (Figure  6.3 1 )  dropped  from 
14  k  V/cm  to  2  kV/cm  holdoff  strength  after  five  shots  and  then  cycled  through  levels 
of  2  to  9  kV/cm.  This  phenomena  was  probably  due  to  burning  off  of  surface  layers  of 
materials  and  exposing  new  material  which  increased  the  holdoff  strength  periodically. 
Both  grades  of  Ultem  (polyetherimide  resin),  1000  and  4001  (Figures  6,32  and  6.33 
r  "pectively),  revealed  the  same  type  of  periodic  behavior  as  the  Torlon  material, 
however,  the  Ultem  materials  exhibited  greater  voltage  holdoff  strengths  than  the  Torlon 
material.  The  strengths  exhibited  by  the  Ultem  lOOO  material  (above  4  kV/cm  except 
for  one  pointj  demonstrates  it  u.sefulness  in  systems  where  arcs  would  play  against  it. 
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1  he  mass  losses  exhibited  by  the  organic  insulator  specimens  compare  with  values 
of  0.01  to  0.04  grams  for  typical  high  quality  ceramic  specimens.  And  considering  that 
the  ceramic  specimens  are  two  to  four  times  as  dense  as  the  organic  insulators,  the  depth 
of  eroded  material  is  thus  five  to  forty  times  less  for  the  ceramics  than  the  organic 
insulators. 


Number  of  Shots 


Figure  6.31  Voltage  holdoff  strength  versus  number  of  pulses  for  Torlon  4203 
polymer. 
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I  It^klofl  Slieiiglli  |kV/cii)J 


Figure  6.32  Voltage  holdoff  strength  versus  number  of  pulses  for  Ultem  1000 
polymer. 


16  r 


C  26  40  60  SO  :0U 

Number  of  Shots 

Figure  6.33  Voitagu  nuiduii  sirunglh  versus  number  of  pulses  lor  Uitum  400  i 
polymer. 
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The  examination  of  commercially  available  ceramic  high  voltage  insulator 
materials  also  included  AD994,  a  relatively  high  purity  alumina  made  by  Coors 
Ceramics  Company  of  Golden,  Colorado,  and  two  grades  of  Mycalex  made  by 
Mykroy-Mycalex  Company  in  Clifton,  New  Jersey.  The  grade  400  Mycalex  is  made 
from  natural  flake  mica  in  a  glass  matrix.  The  grade  1100  Mycalex  is  made  from 
synthetic  flake  mica  in  a  higher  temperature  glass  matrix.  The  voltage  breakdown 
strength  versus  number  of  pulses  for  these  materials  is  shown  in  Figures  6.34  to  6.36. 
As  expected,  the  pure  alumina  performed  well,  with  little  degradation  in  surface 
breakdown  strength.  The  mica  reinforced  materials  did  not  perform  as  well  but  still 
stayed  above  5  kV/cm  breakdown  strength. 


Breakdown 

Voltage 

(kV/cm) 


0  5D  100  350 


Shot  Number 


f  igure  6.34  Surface  voltage  breakdown  vs  number  o! pulses  for  AD994 
alumina. 
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Breakdown 

Voltage 

(kV/cm) 


Figure  6.35 


Breakdown 

Voltage 

(kV/cm) 


Figure  6.36 


Shot  Number 


Surface  voltage  breakdown  vs  number  of  pulses  for  Mycalex  400 
glass/mica  composite. 


Shot  Number 


Surface  voltage  breakdown  vs  number  of  pulses  for  Mycalex  1 100 

yicisysd/ 1 1  m^u  L'C/zi 
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6,2.3  Conductor  Materials 

Early  in  the  program  before  the  decision  was  made  to  focus  entirely  on  advanced 
ceramic  insulator  materials  for  EML  bores,  limited  work  was  done  on  conductor 
materials  for  EML  bores.  This  work  centered  on  two  different  projects; 

•  Testing  of  electrode  materials  at  Texas  Tech  University  using  their 
MAX  I  High  Coulomb  Stationary  Arc  Test  Device 

•  Testing  of  sliding  contact  behavior  of  various  conductors  using  a  mov¬ 
ing  contact  test  facility  at  lAP  Research,  Inc.  in  Dayton,  Ohio, 

Each  of  these  tests  are  described  in  this  section. 

The  surface  discharge  electrode  tests  were  conducted  at  the  electrical  engineering 
department  at  Texas  Tech  University  (TTU)  in  Lubbock,  Texas  as  part  of  the  DtKtoral 
Thesis  work  of  Anthony  Donaldson.^^  The  tests  were  conducted  in  their  MAX  1  Sta¬ 
tionary  Arc  Test  Device,  which  is  a  surface  discharge  switch  device  similar  to  that  used 
for  the  testing  of  the  insulating  materials.  Shown  in  Table  6.9  is  a  summary  of  eighteen 
different  electrode  materials  that  were  tested  at  TTU,  The  pedigree  of  the  materials  is 
described  in  more  detail  in  Table  6.10.  The  effective  charge  transferred  per  shot  is  a 
function  of  the  resistance  and  the  work  function  (energy  required  to  remove  an  electron 
from  the  surface  of  the  electrode)  of  each  electrode  material.  Thus,  the  charge  trans¬ 
ferred  was  different  for  each  specimen.  The  volume  eroded  data  was  determined  by 
measuring  the  weiglu  loss  after  repeated  shots,  and  dividing  it  by  the  electrode  material 
density  and  the  number  of  shots.  In  order  to  nonnalize  the  test  results,  a  third  column 
in  Table  6.9  gives  the  volume  of  material  eroded  per  coulomb  of  electric  charge  trans¬ 
ferred.  The  materials  have  been  placed  in  order  of  increasing  material  erosion  (per 
coulomb  of  transferred  electric  current).  The  most  erosion-resistant  materials  are  listed 
at  the  top,  with  decreasing  performance  seen  as  one  moves  down  the  list. 

The  tests  summarized  in  this  table  were  conducted  at  extremely  high  levels  of 
charge  transfer/area  per  shot.  Such  conditions  are  not  representative  of  the  electric 
current  transfer  in  railgiin  conductor  rails.  Forexample  a  6m  length  x9()mm  bore  railgun 
with  a  peak  current  of  2,.'i()(),()()()  amperes  will  transfer  about  1,100  coulombs.  This  is 
about  22  times  the  50  coulombs  transferred  per  shot  in  the  Tl’U  tests  (Table  6,9). 
However,  the  surface  area  of  one  of  the  conductor  rails  is  about  600  times  the  area  of 
the  electrode  test  specimens,  so  that  the  charge  transfer  density  was  about  30  times 
higher  in  the  electrode  stationars'  arc  tests  than  the  average  in  railguns.  However,  in 
locations  such  as  in  the  near  breech  region  w'here  the  projectile  is  traveling  relatively 
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slowly  and  the  current  is  high,  the  difference  in  charge  transfer  density  may  only  be  five 
times  greater  for  the  stationary  arc  test  than  for  railguns.  Thus  a  typical  railgun  has  a 
charge  transfer  (in  local  areas)  of  about  2  to  10  coulombs  per  shot,  depending  upon 
location  in  the  bore.  The  greater  charge  transfer  density  in  the  electrode  tests  leads  to 
gross  surface  melting,  which  makes  the  erosion/charge  numbers  in  Table  6.9  inappro¬ 
priate  for  direct  application  to  railgun  conductor  design  and  materials  selection.  The 
tests  are  useful,  nevertheless,  for  ranking  the  electrode  materials  in  terms  of  relative 
performance. 


TABLE  6.9  —  MAX  I  HIgh-Coulomb  Stationary  Arc  Test  Results 


Electrode  Material 

Effective 

Charge/Shot 

(Coulombs) 

Volume 
Eroded  per 
Shot 

(cmVrO'*) 

Volume  Eroded  per  1 

Coulomb 

(cmVlO^/C) 

CuW  #1  +  Ir 

53,8 

134 

2.49 

W#2 

49,4 

126 

2.55 

CuW  #1  +  Sb 

37,4 

97 

2.59 

CuW  #3  (30W3) 

56,7 

149 

2.63 

CuW#1 

54.0 

148 

2.74 

CuW  #2  (3W3) 

53.8 

149 

2.77 

W#1 

51,2 

156 

3.05 

CuW  #1  +  LaBg 

56.5 

215 

3.81 

Cu-Nb#2 

51,8 

248 

4.79 

Cu  +  LsBg 

49.5 

238 

4.81 

Cu-Nb#1 

51.8 

259 

5.00 

CU'Nt)  +  LsBg 

55.8 

338 

6.06 

Mo  +  LaBe 

54.0 

356 

6.59 

Cu-AI A  (AI-60) 

52.2 

347 

6.65 

Mo 

46.5 

327 

7.03 

Cu~T  3 

50.0 

505 

10  1 

Cu-AIA  (AI-15) 

61.1 

624 

10  " 

Cu#1 

50.4 

576 
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On  the  pages  which  follow,  a  series  of  eight  graphs  is  presented  in  Figures  6.37 
through  6.44  which  shows  the  arc  erosion  performance  of  a  large  number  of  electrode 
materials.  The  experiments  cover  a  wide  range  of  charge  per  shot,  and  it  is  clear  that 
when  plotted  on  a  log-log  scale,  the  relationship  between  volume  eroded  per  shot  ann 
charge  pei  sliot  is  generally  quite  linear. 
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TABLE  6.10  •  Composition  and  Origin  of 
Electrode  Test  Materials 


Designation 

Composition 

Source 

Cli  +  LflBf, 

97%Cu  -  3%LaB( 

Metallwerke  Plansee  GmbH. 

CuNb 

85%Cu  -  15%Nb 

Metallwerke  Plansee  GmbH. 

CuNb  +  LaBt, 

83%Cu-1 4%Nb-3%LaB6 

Metallwerke  Plansee  GmbH. 

CuW  +  LaBj 

66%W-317oCu-3%LaB6 

Metallwerke  Plansee  GmbH. 

CuW  #1  +  Sb 

66%W-317oCu-37oSb 

Metallwerke  Plansee  GmbH. 

CuW  #2  (3W3) 

687oW  -  327oCu 

CMW  Inc. 

CuW  #3  (30W3) 

807oW  -  207oCu 

CMW  Inc. 

CuNbffI 

Cu-127oNb 

Supercon,  Inc. 

CuNb  #2 

Cu-i2%Nb  (finer  fila¬ 
ments) 

Supercon,  Inc. 

Figure  6.37  Su:it:oik'iry  arc  erosion  ius>  rvsulls  lor  lour  coppor- based  homisphencal  oloctrodO 
mala  rials  to'tvd  in  the  Max  I  apparatus  at  ITU. 
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Figure  6.40  Stationary  arc  erosion  test  results  for  hemispherical  electrodes  as 
a  tunction  of  the  effective  charge  per  shot  lor  Tungsten  alloy  W^1 
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Figure  6.41  Stationary  arc  erosion  test  resuHs  for  hemispherical  electrodes  as 
a  tunction  of  the  efiectivo  charge  per  shot  for  Tungsten  alloy  W  ff2 
with  Its  grains  aligned  perpendicular  to  the  electrode  surface. 
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EFFECTIVE  CHARGE  PER  SHC  (Ccu'O^-.d) 


Figure  6.42  Stationary  arc  erosion  test  results  tor  hemispherical  electrodes  as 
a  function  of  the  effective  charge  per  shot  for  Dornier  tungsten  alloy 
W#3 
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Figure  6.43  Stationary  arc  erosion  test  results  for  hemispherical  electrodes  as 
a  function  of  the  effective  charge  per  shot  for  Supcicon,  Inc.  Cu-Nb 
composites. 
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Figure  0.44  Staticnury  arc  orosion  tost  results  lor  homisptwrical  eicctroOes  as 
a  lunclion  of  the  ellootive  charge  per  shot  lor  Cu-NP  compared  to 
CuVJ+  He. 

Shown  in  l  igurc  6,42  is  ihc  volunu:  ol  iuiu',sicn  clccinnlc  alloy  eroded  per  shot  as  a 
I'utietion  of  ef  fective  charite  uansfer  (in  coulombs)  pt-r  shot,  'fhe  iiinitsien  alloy  was 
W'6Ni-4Cu  (by  weight)  and  was  designated  W  As  with  previous  tests,  the  total 
charge  transfer  per  test  point  was  about  J.'itK)  coulombs,  'rtiiis  for  ilic  test  point  at  1 
coulomb  charge  transfer  per  shot,  about  lM)()slu)is  (j)iilses)  were  used  to  obtain  the 
coulombs  of  total  charge  transler,  'J'he  total  electrode  vrdiime  eroded  was  then  divided 
by  l.'ifK)  to  arrive  at  the  volume  of  electrode  material  eroded  per  shot, 

A  tungsten  alloy  manufactured  by  C'MW,  Inc.  ('f  Indianapolis,  Indiana  (grade  1()(K)) 
and  a  niobium  reinlorced  copper  alloy  manufactured  by  .Siipercon  Inc,  of  Shrewsbury, 
Massachusetts,  exhibited  greater  arc  erosion  resistance  at  low  coulomb  levels  than 
previously  tested  copper-tungsten  alloys  and  different  grades  of  niobium-copper,  'I'he 
mtiterials  were  tested  in  the  previously  utilized  Mark  Vi  system  at  'I'I'U  using  1.27  cm 
(0.5  in)  diametet  hemisjiherieiil  eleciri)des  with  a  gtip  of  1  cm  (().7'9  in;, 

'I'heeojrper  niobiuin  material  ((Jii  Nbt/.7;  had  a  hie.her  niobium  I'ilament  density  than 
the  previously  tested  C’u-Nt)  hi  mateiial,  'I'his  was  accomplished  l)y  lurther  extrusion 
ol  the  copper-niobium  billet,  thereby  increasing  the  fineness  of  the  filaments.  It  is 
possible  that  these  finer  filaments  acted  as  lielter  electron  emitters  and  thus  reduced 
erosion  tit  the  surlace  ol  the  electrode,-.,  Ilow-ever,  tis  shown  in  bigiire  6,4.^,  tifter  the 
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coulomb  level  reached  about  5,  the  two  materials  (Cu-Nb  #2  and  Cu-Nb  #3)  behaved 
similarly.  This  was  probably  due  to  the  melting  of  the  niobium  filaments  at  the  surface, 
partially  negating  their  emittance  properties.  The  Cu-Nb  #3  material  is  compared  with 
previously  tested  CuW+Re  material  in  Figure  6.44.  The  value  of  volume  eroded  per 
shot  was  significantly  reduced  at  the  lower  coulomb  levels.  As  discussed  previously,  a 
typical  railgun  environment  has  a  charge  transfer  of  about  2  to  10  coulombs  per  shot, 
depending  on  Ux:ation  in  the  bore. 

As  part  of  an  advanced  armature  program  that  lAP  Research,  Inc.  in  Dayton,  Ohio 
was  conducting  they  agreed  to  test  a  conductive  ceramic  in  their  moving  contact  test 
facility.  This  device  uses  a  current  flowing  from  a  stationary  contact  to  a  high  speed 
rotating  disk,  The  contact  pressure  between  the  stationary  contact  and  the  rotating  disk 
is  adjusted  and  measured  at  various  electric  current  levels.  Current  densities  of  100  to 
KKX)  kA/cm^  and  amiaturc  speeds  of  1  km/s  can  be  evaluated  in  this  facility.  SPARTA 
produced  five  disks  for  test:  one  from  the  electrically  conductive  ceramic  titanium 
diboridc  (TiB^),  one  from  pure  molybdenum,  one  from  the  alumina  dispersion 
strengthened  copper  alloy  Glidcop  A160;  and  two  from  the  copper  alloy  1 10  to  serve  as 
a  control.  The  disks  were  .^.0  in.  ( 1 2.7  cm)  in  diameter  with  a  0.350  in.  (0.89  cm)  hole 
in  their  centers  and  were  0.25  in.  (0.635  cm)  thick. 

Unfortunately  there  was  not  sufficient  program  funds  at  lAP  to  test  the  molyb¬ 
denum  and  Glidcop  disks  but  the  titanium  diboride  disk  was  tested.  At  a  peak  current 
density  of  790  kA/cm^  the  disk’s  perimeter  was  damaged  and  the  tests  stopped.  The 
material  exhibited  a  reasonably  low  contact  resistance  density  which  is  imponant  for 
solid  armature  railgun  use.  Because  of  the  low  ductility  of  the  material  the  tests  must 
be  run  very  carefully  to  avoid  overstressing  the  edges  of  the  specimen.  Thus,  the  790 
kA/cm"  value  may  not  be  the  true  peak  value. 

6.3  Testing  in  the  FLINT  Railgun 

6.3.1  Analysis  and  Modification  of  FLINT  Gun  Configuration 

'I’he  FLINT  gun  is  a  small,  square  cross-section  railgun  which  was  used  to  test 
ceramic  insulator  materials  produced  in  this  program.  It  is  located  at  the  U.S.  Army 
Research,  Development  and  Engineering  Center  (ARDEC)  at  Picatiiiny  Arsenal,  New 
Jersey,  The  gun  is  built  to  the  same  design  as  the  Plasma  Utility  Gun  (PUG)  at  Eglin 
Air  Force  Ba.se,  Florida.  The  design  of  this  gun  makes  replacement  of  bore  insulators 
easy,  and  requires  only  simple  rectangular  shapes  for  these  insulator  panels.  The  purpose 
of  tl’ic  I  LLN  i  guii  testing  was  to  subject  candidiite  ceramic  iiiSulaio,r  nratcrials  to  die 
combined  effects  of  all  the  mechanical,  thermal,  and  electrical  stresses  pretsent  in  an 
actual  railgun.  Before  testing  in  the  FLlNTgun  was  begun,  it  was  modified  by  replacing 
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some  of  the  original  insulator  backup  materials  (G-10)  with  stiffer  materials  (graphite 
fiber  reinforced  epoxy)  to  reduce  the  deflections  which  the  bore  insulators  would 
experience  dunng  firing. 

A  cross-section  of  the  modified  FLINT  gun  is  shown  in  Figure  6.45.  The  insulator 
blocks  were  two  different  materials;  bore  facing  blocks  and  backup  blocks.  The  bore 
facing  insulator  rail  was  the  test  material  while  the  backup  insulator  block  was  made 
from  a  directionally  fiber  reinforced  resin  matrix  composite  material.  Requests  for 
quotes  were  sent  to  several  companies  to  determine  the  feasibility  of  using  E-glass, 
S-glass,  or  a  grade  of  graphite  as  the  reinforcing  fiber  for  the  backup  blocks.  Graphite 
reinforced  epoxy  was  selected  as  the  replacement  material.  This  material,  oriented  in 
such  a  direction  as  to  provide  the  maximum  stiffness  between  the  side  wall  loading  bolts 
and  the  bore  insulator  would  offer  a  5  to  12  times  advantage  in  stiffness  over  conven¬ 
tionally  used  G-9,  G-10,  or  G-1 1.  This  increased  stiffness  would  result  in  reduced 
bending  of  the  bore  insulator  ceramic  test  rail,  which  is  very  important  for  the 
survivability  of  the  brittle  ceramics.  The  conductor  rails  are  backed  by  a  1.68  x  3.9  x 
28  inch  (4.3  x  10x71  cm)  block  made  from  the  same  materials  used  for  the  insulator 
backup  blocks,  graphite  reinforced  resin  matrix  composite.  As  in  the  case  of  the  insu¬ 
lator  sidewalls,  this  offers  improved  stiffness  to  reduce  bore  deflections. 

An  analysis  of  the  stress  slate  of  the  ARDEC  FLINT  gun  was  conducted.  Actual 
material  properties  and  barrel  prestress  states  were  used.  The  modified  materials  test 
section  was  compared  with  the  previous  design  (and  materials)  used.  The  gun  was 
modelled  using  a  finite  element  code  for  the  purpose  of  analyzing  insulator  deflections 
after  upgrading  with  the  higher  modulus  backup  insulators.  The  properties  of  copper 
alloy  A16()  (alumina  dispersion  strengthened)  was  used  for  the  conductor  rail  modeling. 
The  backup  insulator  was  modeled  as  62  v/o  graphite  in  an  epoxy  matrix  with  20%  of 
the  graphite  fibers  oriented  along  the  bore  length  and  80%  of  the  fibers  perpendicular 
to  the  bore  surfaces.  The  backup  insulator  properties  were  calculated  using  the  computer 
modeling  program  ICAN  (Integrated  Composite  Analyzer)  based  on  the  available 
property  data  of  unidirectional  layup  graphite  epoxy.  The  stresses  and  strains  predicted 
by  the  model  are  mapped  in  Figure  6.46.  Factors  of  up  to  25  in  reduction  of  displacement 
at  the  bore  were  calculated  indicating  the  level  of  stiffening  due  to  the  modification. 
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Figure  6.46  Finite  element  models  of  the  cross-section  of  the  modeled  FLINT  gun  barrel  fc '  testing  of  advanced  ceramic  irisulator 
materials.  Two  different  elastic  moduli  lor  the  test  bore  insulator  were  used  as  inputs  for  the  finite  element  runs:  f  75 
and  345  GPa  (25  and  50  Mpsi),  with  a  Poisson  ratio  of  0.21  (typical  value  for  ceramic  materials).  The  rest  of  the  bar  ret 
including  the  bolts  and  the  top,  bottom  and  side  plates  were  rinodelled  using  the  properties  of  steel. 


DISPLACEMENT,  IN,  Y-STRESS,  Psi 


The  2-D  model  of  the  barrel  considers  the  interfaces  between  the  banel  components 
as  interface  elements.  This  allowed  us  to  examine  the  possibility  of  gap  openings 
between  the  component  materials  such  as  between  a  conductor  rail  and  a  bore  test 
insulator.  Plasma  and  solid  armature  cases  with  45  kpsi  (310  MPa)  bore  pressure  were 
analyzed.  The  effects  of  the  originally  designed  prestresses  of  30  ft-lb  (41  N-m)  torque 
on  the  side  wall  bolts  and  60  ft-lb  (81  N-m)  torque  on  the  top  and  bottom  plate  bolts 
were  investigated,  as  well  as  the  effects  of  doubling  these  values  of  torque.  It  was 
necessary  to  increase  the  prestress  to  maintain  compression  and  to  prevent  separation 
between  the  rail  and  the  test  insulator  (to  prevent  plasma  leakage)  during  the  plasma 
armature  shots. 

Figure  6,46  shows  the  predicted  di.splacements  and  the  Y  direction  (venical)  stresses 
of  the  modified  FLINT  gun  utilizing  a  solid  armature  with  a  rail  pressure  of  45  kpsi  (310 
MPa)  1 350  kA/cm  rail  linear  current  density)  and  torque  prestresses  of  30  and  60  ft-lb 
(41  and  81  N-m).  The  elastic  mtxlulus  of  the  test  insulator  was  modeled  as  50  Mpsi 
(345  GPa).  The  conductor  rail  deflects  outward  0.(X)2  in  (0.05  mm)  for  the  modified 
FLINT  design  compared  to  ().()5()  in  (0.125  mm)  for  the  original  square  bore  design. 
The  maxim, um  Y-stress  of  32  kpsi  (220  MPa)  is  localized  at  the  rail  and  is  below  the 
yield  strength  of  A16()  (83  kpsi  (572  MPa)  at  room  temperature).  The  Y-stresses  in  the 
graphite  epoxy  are  below  4.5  kpsi  (30  MPa),  and  the  Y-stresses  in  the  test  insulator  are 
below  13.5  kpsi  (93  MPa).  'I'hese  values  provide  an  adequate  margin  of  safety  against 
material  failure. 

6,3,2  Testini'  of  Insulator  Samples  in  FLINT 

The  railgun  tests  of  advanced  ceramic  insulator  rails  in  the  FLINT  railgun  at  ARDEC 
were  conducted  in  August  of  1989.  The  three  pairs  of  rails  tested  are  shown  in  Table 
6.10,  Shown  in  P'igure  6,47  is  a  photograph  of  the  first  pair  of  rails  after  three  shots  in 
the  FLINT  gun.  Quite  a  bit  of  difficulty  was  encountered  in  the  assembly  and  alignment 
of  the  ceramic  insulator  rails  in  the  gun.  Shims  had  to  be  used  in  order  to  bring  all  the 
bore  components  into  tight  contact.  The  first  set  of  test  rails  was  successfully  loaded 
into  the  gun  and  torqued  to  pre-.set  ctmditions.  However,  it  was  discovered  that  one  of 
the  shims  had  moved  so  it  was  decided  to  rcas.semblc  the  bore  components.  Upon 
re-assembly  and  torquing  of  the  top  and  side  bolts,  both  insulators  developed  through- 
cracks  in  them.  'I'hc  cracks  were  not  open,  however,  so  it  was  decided  to  fire  the  gun, 
'I'he  gun  firing  did  not  cause  the  cracks  to  expand  or  to  spall  any  material,  thus  a  second 
and  third  shot  v.'crc  fired  on  the  same  set  of  rails. 
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TABLE  6.10  —  Three  Ceramic  Insulator  Samples  Tested  In  the 

FLINT  Gun 


Test  # 

ID# 

Composition 

Outcome 

1 

N081 

AljOa-O.aSYjOa-SZrOj 

Both  rails  broke  during  assem¬ 
bly.  but  no  further  damage 
occurred  during  three  shots 

4-253-4 

AljOs-O.aSYjOa-SZrOa 

Rails  loaded  and  fired  three 
times  successfully 

N080 

AljOs-O.ZSYsOs-aZrOj- 

5Cr203 

One  rail  broke  during  assembly, 
but  no  further  damage  occurred 
during  three  shots 

Figure  6.47  Photograph  of  the  first  pair  of  rails  (N081)  after  three  shots  in  FLINT 

gun  at  ARDEC. 

The  second  pair  of  rails  was  successfully  assembled  into  the  FLINT  gun  and  fired 
three  shots  with  no  damage.  One  of  the  rails  from  the  third  pair  cracked  at  one  location 
during  assembly. 

The  first  two  sets  of  rails  that  were  exposed  were  lower  priority  rails  as  they  were 
used  in  order  to  establish  set-up  tind  test  conditions  for  the  railgun.  The  third  set  to  be 
exposed  were  the  higher  performance  materials  selected  from  the  results  of  the  screening, 
tests.  At  this  point  in  the  program,  the  FLINT  testing  was  terminated  because  of  bud¬ 
getary  limitations  at  ARDEC.  The  limited  experience  that  was  gained  with  the  three 
pairs  of  samples  that  were  tested  indicate  that  advanced  ceramics  are  indeed  capable  of 
withstanding  the  railgun  environment.  The  cracking  which  did  occur  took  place  during 
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assembly,  and  not  during  gun  operation,  and  even  the  pieces  which  did  crack  on 
assembly  remained  functional  during  the  tests.  This  illustrates  the  importance  of  careful 
tolerancing  of  bore  components  and  ctu'eful  installation  techniques  during  as.sembly 
when  ceramic  components  are  used. 
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7.0 


SUMMARY  AND  CONCLUSIONS 


This  program  focussed  on  the  development  of  advanced  ceramic  materials  for  use  as 
bore  insulators  for  electromagnetic  launchers.  The  results  clearly  demonstrated  the  feasi¬ 
bility  of  utilizing  tailored  property  ceramics  for  this  difficult  application.  Some  valuable 
work  was  also  accomplished  on  advanced  conductor  rail  materials.  Analysis  conducted  etu-ly 
in  t'-.e  program  demonstrated  the  potential  of  the  hard,  stiff  (high  modulus),  strong,  and 
electrically  insulating  nature  of  advanced  ceramics  to  dramatically  improve  the  performance 
of  EMLs.  These  properties  are  in  contrast  to  those  of  currently  utilized  glass  fiber  reinforced 
polymer  matrix  materials  which  suffer  significant  ablation  and  erosion,  have  low  stiffness, 
and  are  not  capable  of  rep-rated  operation  withe  it  significant  intershot  rework. 

The  following  items  summarize  the  key  results  obtained  and  important  conclusions 
reached  during  the  program: 

1,  Ceramic  hare  insulators  lead  to  improved  EML  performance.  -  Advanced 
ceramics,  through  the  use  of  micro-architectural  tailoring,  can  be  utilized  as  rail- 
gun  bore  insulators  to  result  in  improved  gun  performance.  Improvements  arise 
because  of  their  hardness  (to  prevent  gouging  and  erosion  by  projectiles)  and  high 
melting  or  dissociation  temperature,  which  leads  to  reduced  ablation  during 
exposure  to  the  plasma,  and  thus  dramatically  increased  bore  lifetime.  Less  ero¬ 
sion  and  ablation  leads  to  a  smoother  bore,  which  decreases  the  amount  of  damage 
the  projectile  sees  while  in  bore  due  to  balloting  and  abrasion.  Another  advantage 
is  the  increased  stiffness,  which  reduces  bore  deflection  and  thus  improves  pio- 
jectile/  bore  interactions,  gun  efficiency  and  accuracy  (less  dispersion ).  Increased 
tlexural  strength  resists  the  bending  loads  caused  by  plasma  and  electromagnetic 
pressures.  Superior  surface  voltage  standoff  capability  allows  operation  of  a 
rep-rated  gun  without  the  need  to  remove  conductive  residue  froro  the  .^urfaev  of 
the  insulator  between  shots.  Even  guns  that  are  not  rep-rated  would  benefit  as 
considerable  time  and  effort  is  expended  with  current  railguns  in  cleaning  the  bore 
between  stiols. 
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Most  cid^auccd  ceramics  lose  their  surface  voliayc  standoff  capability  after 
exposure  t(i  electrical  arcs.  -  The  choice  of  ceramic  material  is  severely  restricted 
by  the  requirement  for  rcp-raied  surface  voltage  hoidoff  strength.  This  is  most 
imponani  for  plasma  armaiures  and  less  of  a  concern  for  solid  armatures.  Many 
ceramic  maierial.s  dissociate  under  the  intense  heat  pul.se  from  the  plasma  arc, 
resulting  in  the  fomiation  of  a  conductive  metallic  film  or  nodules  on  the  surface. 
'I'liis  film  can  effectively  shor.  circuit  the  bote,  preventing  operation  of  the  gun. 
A  wide  variety  of  ceramic  materials  evidence  this  behavior,  such  as  silicon  nitride, 
iiiuminum  nitride,  and  ceramics  with  more  than  about  zirconia.  Alumina- 


necessary  surlacc  voltage  standoff  resistance  necessary  for  use  as  EML  bore 
insulators  (plasma  or  solid  armature). 


/.  luicrustructitrally  Uni^hened  aluniina-zL  conia-chroniia  ceramic  developed 
which  satisfies  all  bore  insidator  reepdrements.  -  Large,  high  quality  pieces  of 
Al/J,  -  5'/< /,rO..  ■  (),2.‘s7f  Y  X)j  -  5^/1  Cr.O,  material  were  successfully  fabricated. 
The  iiiatenars  microstruciure  revealed  good  distribution  of  constituents  and 
phases  lot  iiii|)ioved  toughness,  small  grain  size  (for  improved  strength),  and  a 
mised  nu»de  high  energy  Iracture  surtace  (leading  to  good  toughness).  The  goal 
l>roperiies  were  all  exceeded  as  .shown  in  Table  7.1,  Toe  measured  values  were 
taken  lioin  the  iaigesi  size  jiieces  scaled-up  in  the  program,  1  ..S  x  4.0  x  1K,()  inches 
(.(.H  \  10,2  X  •1.‘S,7  ciiij,  A  patent  for  this  material  has  been  applied  for. 


The  piopemes  realized  from  this  mttterial  were  made  possible  through  the 
niicroaichiieciiind  d-'  igning  (tailoring)  of  materials  utilizing  the  concepts  dis- 
cussetl  in  Sccivii)  '1  hese  tailoring  methods  incltided  the  proper  choice  of 
maiiix  '  liiiai  lorba'ic  siiength,  toughness  and  electrical  properties;  the  solid 
solution  stiengiheiiing  by  the  chromia  (wtiich  .ilso  increased  the  surface  voltage 
siando!  sireiigih):  the  grain  size  refining  which  n’l.uited  iii  tin  average  grain  size 
(>l  it)  niictons  (O.tKKl'f  in.);  tlic  use  o!  ziicoiiiti  and  yttriti  as  glassy  grain  boundary 
phase  loiiiimg.  mateiials  in  order  to  permit  full  ctinsolidtition  at  moderale  tem- 
peiiiiuies;  and  tlic  use  o(  ihe  same  materials  Izirconia  tind  yttriti)  as  second-pha.se 

slieiigltieiiei  s. 


4.  '/  he  selrcicii  ecramir  i  an  he  fabricated  in  full  '•calc  rail  sediments  without  loss  of 

piopatu's.  ■  .Siiength  values  for  experimenttil  tulvttnced  ceramics  are  olten 
reporied  !oi  very  siiiall,  lahorinory-scale  specimens  which  cannot  be  reproduced 
in  usel'il  sizes.  '1  he  values  lis'ed  in  I'able  7.1  weie  ailiuned  in  the  largest  size  fonn 
piodiiced  la  itie  pidgrtim,  me.isuring  1  ,.‘s  x  4.0  x  1  h.O  inches  ( .LK  x  1 0.2  x  4.^,7  cm). 
'I  his  size  IS  repiesenlalive  ol  whtil  would  be  needed  for  the  tietual  ittbrictuion  of 
huge  liUlgiiii  liore  iiisul.iiois. 
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TABLE  7.1  -  Measured  vs  Goal  Properties  of  Aiumlna-Zirconla-Chromla 

Bore  Insulator  Material 


Properly 

Goal 

Measured 

Value 

99  9%  Design  Allowable 
Flexural  (MOR)  Strength, 

50  kpsi  (345  MPa) 

68.1  kpsi 
(470  MPa) 

Fractu-e  Toughness 

50  kpsi-in’'^ 

(5.5  MPa»m''*) 

5.3  kpsidn''^ 

(5.8  MPa*m'''") 

Elastic  Modulus 

40  Mpsi  (275  GPa) 

42  Mpsi 
(290  GPa) 

Surface  Voltage 

Standoff  (after  100  arcs) 

2  kV/cm 

8  kV/cm 

5.  Chromia  additions  produce  superior  voltai’c  standoff  in  alumina  ceramics.  -  The 
addition  of  chromia  to  the  alumina-based  ceramics  results  in  improved  surface 
voltage  standoff  strength,  especially  for  repetitive  firing  conditions,  In  addition 
the  chromia  acts  as  a  solid  solution  strengihener  and  proper  amounts  added  to 
alumina  result  in  increased  strength.  The  addition  of  SiC  whiskers  to  the  alumina, 
while  improving  mechanical  properties,  decreases  the  surface  voltage  standoff 
strength  due  to  the  intrinsic  semiconducting  nature  oi'  the  SiC  material. 

6.  Whisker-reinforced  silicon  nitride  was  produced  with  remarkable  mechanical 
properties.  -  Relatively  large  panels  ( I  ,.5  x  4.0  x  8.0  in.  (.^.8  x  10.2  x  20,4  cm)  of 
silicon  carbide  whisker  reinforced  silicon  nitride  ceramic  were  also  fabricated. 
The  mechanical  propeilies  of  this  material  were  better  than  tlie  alumina-chromia, 
with  va!uesof98.8kpsi  (681  MPa)  MOR  strength  (9y.99f.  reliability),  8,8  kpsi-in''^ 
(9.7  MPa-m''’’)  fracture  toughness,  and  46  Mpsi  (.^1 1  GPa)  modulus. 

7.  Silicon  nodules  form  on  the  surface  of  silicon  nitride  upon  arc  exposure,  com¬ 
promising’  its  insulatin}’  ability.  -  Silicon  nitride  based  ceramics,  despite  their 
impressive  mechanical  properties,  arc  only  marginally  adequate  for  use  in  EMLs 
because  of  the  diss(K-iation  of  the  silicon  nitride  to  fomi  nodules  of  silicon  metal 
on  the  surface  exposed  to  the  arc.  These  silicon  nodules  are  not  interconnected 
(even  idler  multiple  pulses)  so  the  material  possesses  a  finite  surface  voltage 
lioldtiff  strength  of  ab(nit  1  kV/ern  (with  no  cleaning  between  shots).  This  level 
ol'  standoff  siicngth  may  still  be  adequate  ft)r  certain  types  of  solid,  hybrid,  or 
transitioning  tinnature  guns.  Another  application  would  be  to  only  use  the  material 
in  the  breech  section  of  the  gun  in  the  length  before  ii  solid  armature  could 
iransiiion  to  a  plasma  armature. 
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8.  Experimental  ceramic  insulators  were  successfully  test-fired  in  the  FLINT  railf>un. 
Railgun  insulator  test  segments  (0.840  x  0.250  x  8.(X)0  in.  (2,13  x  0.635  x  20.32 
cm))  were  produced  and  successfully  fired  in  the  FLINT  railgun  at  the  U.S.  Army 
Armament  Research,  Development  and  Engineering  Center  (ARDEC)  at  Pica- 
tinny  Arsenal,  New  Jersey.  The  bore  of  this  gun  had  been  analyzed,  the  then 
currently  used  G-10  backup  insulators  replaced  with  directionally  oriented 
graphite  reinforced  epoxy  to  reduce  bore  insulator  deflection  during  a  shot.  These 
tests  demonstrated  the  low  ablation  potential  of  the  chromia/alumina  material. 
Important  lessons  were  learned  about  the  need  to  design  a  system  for  the  ceramics 
by  proper  tolerancing  of  components  and  proper  installation  techniques. 

9.  An  extensive  series  of  candidate  insulator  materials  was  ranked  for  multiple  arc 
exposure  resistance.  -  A  wide  variety  of  insulating  materials:  ceramics,  resin 
matrix  composites,  and  monolithic  polymers  was  exposed  to  a  rep-rated  (ap¬ 
proximately  1  Hz)  plasma  arc  with  a  representative  railgun  current  density  at  Texas 
Tech  University.  These  tests  were  performed  to  assess  their  surface  voltage 
standoff  strength.  The  micro.scopic  surface  appearance  of  the  exposed  materials 
closely  mirrored  that  seen  in  railgun  exposed  insulator  materials.  This  demon¬ 
strates  the  validity  of  the  apparatus  for  the  electrical  testing  of  railgun  insulator 
materials. 

Although  the  chief  emphasis  of  this  program  was  on  the  development  of  improved 
insulator  materials,  some  valuable  work  was  also  perfonned  in  the  evaluation  of  advanced 
conductor  materials.  The  refractory  metals  tungsten,  molybdenum,  niobium,  and  rhenium 
were  investigated  in  various  combinations  with  copper.  The  refractory  nonmetallic  com¬ 
pounds  lanthanum  hexaboride  and  titanium  diboride  were  also  examined.  The  primary 
conclusions  arising  from  this  testing  of  conductor  materials  is  as  follows; 

10.  Titanium  dihoridc  shows  promise  as  an  advanced  conductor  rail  material.  - 
Electrically  conductive  ceramics  show  some  potential  for  use  as  conductor  rails 
forEMLs.  Limited  work  in  the  program  focu.sedon  the  ceramic  titanium  diboride 
(TiLU)  which  possei'ses  an  electrical  conductivity  of  approximately  249).  l.A.C.S. 
(i.e.  about  24%  as  conductive  as  pure  copper).  No  railgun  tests  were  performed 
with  the  material  but  sliding  contact  tests  conducted  at  l.A.P.  Inc.  in  Dayton,  Ohio 
demonstrated  that  the  diboride  material  posses.scd  excellent  current  passage 
characteristics  and  can  accommodate  a  very  large  amount  of  electrical  "action  " 
(current  integrated  over  time;  before  melting  or  dissociating.  Much  additional 
effort  would  be  required  to  use  the  material  as  an  actual  i  lilgun  conductor  rail 
becati.se  of  it's  limited  ductility  and  resistance  to  shock  (thennal  and  mechanical). 

1  1 .  Some  refractory  meini  materials  were  found  to  he  more  resistant  to  arc  erosion 
than  pure  copper.  -  There  exist  many  materials  with  arc  melting  resistance  superior 
to  pure  copper,  SPARTA  lias  conducted  numerous  prior  programs  that  demon¬ 
strated  the  usefulness  of  cladding  refractory  metals  (molybdenum,  tungsten  and 
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tantalum)  on  copper  substrate  for  use  as  railgun  conductor  rails.  High  coulomb 
stationary  arc  tests  conducted  at  Texa.s  Tech  University  revealed  that  a  wide 
variety  of  additional  electrode  materials  (obtained  from  electrode  manufacturers 
in  the  U.S.  and  overseas),  not  previously  investigated  for  use  as  railgun  conductors, 
possessed  erosion  resistance  up  to  four  times  greater  than  copper.  These  materials 
are  generally  not  available  in  the  sizes  and  forms  needed  for  rails,  however,  and 
much  additional  work  is  needed  to  turn  them  into  viable  rail  candidates. 
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8.0 


RECOMMENDATIONS  FOR  FUTURE  WORK 


Sparta’s  program  resulted  in  the  development  of  a  ceramic  insulator  material  that 
meets  the  mechanical  and  electrical  requirements  for  use  as  an  electromagnetic  railgun  bore 
insulator.  The  feasibility  of  scale-up  to  sizes  representative  of  those  needed  for  use  in  cunent 
full  scale  guns  was  demonstrated.  Additional  issues  still  must  be  addressed  before  the 
ceramic  material  can  be  utilized  with  confidence  in  EMLs,  however.  These  include: 

1.  Demonstrate  the  affordable  and  repeatable  production  of  full-scale  ceramic 
insulator  segments  by  methods  such  as  near-net  shape  forming.  -  Only  one  large 
scale  (1.5  X  4  X  IH  in.  (3.8  x  10.2  x  45.7  cm))  block  was  fabricated  during  the 
completed  program.  Additional  bkxtks  must  be  made  and  tested  in  order  to 
demonstrate  the  reproducibility  of  the  mechanical  and  physical  properties.  The 
large  sizes  made  were  hot-pressed  as  rectangular  blocks.  Specimens  were  cut  from 
them  with  diamond  tooling.  The  future  ceramic  bore  insulator  .segment  shapes 
may  be  .somewhat  complex,  so  their  production  by  lower  cost  methods,  such  as 
near-net-shape  fonning  is  necessary'.  A  study  involving  the  hot-pressing  of 
cylindrical  .ihciis  or  shell  segments  should  be  perfonned  to  demonsuate  the 
retainment  of  mechanical  and  electrical  properties  in  these  somewhat  more 
complex  geometries. 

2.  Demonsiraie  nondesiructixe  flaw  detection.  -  The  fracture  toughness  goal  that 
was  established  in  this  program  was  based  on  the  premise  that  any  material  would 
be  discarded  which  was  found  tocontain  Haws  larger  than  O.OlO  inch  (0.254  mm). 
If  flaws  this  small  cannot  be  reliably  identified,  then  higher  levels  of  fracture 
toughness  will  be  required.  A  new  x-ray  in;qrection  technology  known  as 
Microsoft  X-ray  has  been  developed  and  marketed  by  IRT  Corp.  in  San  Diego, 
California  which  is  ideally  suited  to  the  inspection  of  thick  ceramic  parts.  A  flaw 
detection  study  should  be  conducted  with  this  metherd  (or  other  similar  methods) 
or  ceramic  parts  of  the  same  dimensions  and  composition  as  those  which  will  be 
used  as  bore  insulators  in  a  large  railgun. 


3.  Develop  joints  jor  railjjun  ceramic  bore  insulators.  -  The  maximum  practical 
(technical  and  economic)  length  for  advanced  hot-pressed  ceramics  is  about  40 
inches  (one  meter).  Thus,  for  full  scale  l.iMl..s  which  may  range  in  length  fiom  20 
to  100  feet  (6  to  30  meters)  multiple  joints  are  needed  in  order  to  connect  the 
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segments.  These  joints  must  resist  the  bending  loads  present  as  the  projectile 
passes  and  must  not  permit  the  hot  plasma  (for  a  plasma,  hybrid  or  transitioning 
armature  gun)  from  penetrating  the  joint  and  leaving  a  conductive  residue. 
Examples  of  joint  types  include  butt,  lap  and  beveled,  all  with  or  without  grouting 
(ceramic  cement).  These  joint  designs  impose  additional  tolerance  constraints  on 
the  manufacturing  method  for  the  insulator  segments.  Different  joint  designs  can 
be  tested  in  a  smaller  gun  (50  or  90  mm  bore  diameter)  in  order  to  economically 
evaluate  a  number  of  different  joint  concepts  to  down-select  a  single,  best  design. 

4.  Select  a  cement  composition.  -  A  study  of  different  cement  materials  must  be 
conducted.  The  cement  must  possess  the  same  high  voltage  surface  standoff 
strength  and  plasma  ablation  resistance  as  the  bore  insulators,  as  well  as  showing 
good  strength  and  toughness.  A  variety  of  ceramic  cements  are  commercially 
available  which  warrant  .scrutiny.  It  may  also  be  advisable  to  examine  epoxies, 
cyanate  esters,  and  other  polymers  filled  with  ceramic  particles.  The  same  type 
of  arc  exposure  tests  which  were  performed  at  TTU  to  evaluate  insulator  materials 
should  be  repeated  for  cemented  joints. 

.5  Demonstrate  ceramic  insulator  performance  in  full  scale  (90  or  120  mm  bore 
diameter)  railnuns  for  multiple  shots.  -  The  railgun  shots  completed  during  this 
program  were  conducted  on  short,  thin  ceramic  segments  backed  by  a  high 
modulus  support.  It  is  necessary  to  test  the  full-scale  pieces  because  the  stress 
state  will  differ  in  the  large  pieces  and  problems  of  alignment,  loierancing,  and 
precompression  could  not  be  addressed  in  the  small  gun,  This  demonstration 
would  include  use  of  joints  and  would  probably  consist  of  just  a  few  segments  in 
the  breech  end  of  the  gun,  where  the  harshest  environment  exists. 

6.  Retrofit  an  existing  full-scale  round  bore  barrel  with  ceramic  bore  insulators.  - 
This  would  enable  a  demonstration  of  the  effect  of  a  full  set  of  ceramic  bore 
insulators  on  the  efficiency,  reproducibility,  aiming  accuracy,  and  lifetime  of  the 
barrel.  In  addition,  the  issue  of  honing  of  the  ceramic  segments  while  in  place 
would  be  addressed. 


It  is  a  consensus  in  the  electric  gun  community  that  railgun  insulator  performance  has 
been  a  primary  technical  barrier  in  achieving  the  efficiency,  accuracy  and  lifetime  recjuired 
in  operational  systems.  The  successful  completion  of  the  work  recommended  above  would 
be  a  vital  step  in  resolving  the  insulator  jiroblems  and  would  add  greatly  to  the  advancement 
of  electromagnetic  launcher  technology  for  use  as  reliable  weapon  or  launch  systetns.  It  is 
estimated  that  the  totai  iength  of  such  a  program  wouid  be  about  two  to  three  years  for  the 
full  scale  demonstration. 
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